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j1?.  AHSIHAL'T  f.VjMf.'iumZOn 

I  This  proposal  requests  funds  to  further  involve  graduate  students  in  environmental 
research  sponsored  by  the  United  States  Air  Force  Office  of  Scientific  Research 
(AFOSR).  The  participants  will  learn  to  utilize  a  combination  of  laboratory  and  field 
approaches  to  identifying  physical,  chemical,  genetic,  and  physiological  influences  « 
that  govern  the  accumulation' «nd  biodegradation  of  }»«iy<;yclic  aromatic  hydrocarbons  < 
(PAHs) .  These  and  related  compunds  are  among  the  chemicals  whose  environmental  fate 
is  of  concern  to  the  U.S.  Air  Force  and  other  Department  of  Defense  agencies.  The  ” 

Principal  Investigator  and  colleagues  have  conducted  a  prior,  independent  study  that 
has  shown  that,  despite  the  presence  of  PAH  metabolizing  microorganisms,  PAHs  persist 
at  a  site  where  freshwater  sediments  are  fed  by  PAH-contamirated  groundwater. 
Hypotheses  to  be  tested  address  fundamental  mechanisms  for  the  persistence  of  environ¬ 
mental  pollutants,  these  include;  (1)  the  rate  of  delivery  meets  or  exceeds  the  late 
1  of  biodegradation;  (2)  The  PAHs  are  not  available  to  microbial  populuLions  due  to 
I  rapid,  hhort  term  sorption  onto  the  sediment  organic  matter,  ot-  due  to  long  term 
I  (aging)  sorption  into  a  spatially  I'emote  compArtment  of  the  rilcroporous  structure  of 
I  sediment  organic  matter,  or  due  to  complexatlon  reactions  with  dicsolved  organic  car- 
tl4.  SUEUECT  TriiMsbon,  or  due  to  the  physical~arrangement  of  t)it  sedl-  ’s  num  r  v"  ravus 
j ment  matrix  which  prevents  contact  betw— en  PAHs  and  microoi  grnismii  .  _ 
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First  Annual  Report 


The  objectives  of  this  AASERT  grant  are  perhaps  best  appreciated  by  recalling  statements  in 
the  Abstract  of  the  original  proposal  which  appears  below: 

ABSTRACT:  This  proposal  requests  funds  to  further  involve  graduate  students  in 
environmental  research  sponsored  by  the  United  States  Air  Force  Office  of  Scientific  Research 
(AFOSR).  The  participants  will  learn  to  utilize  a  combination  of  laboratory  and  field  approaches  to 
identifying  physical,  chemical,  pneric,  and  physiological  influences  that  govern  the  accumulation 
and  biodegradation  of  polycyclic  aromatic  hydrocarbons  (PAHs).  These  and  related  compounds 
are  among  the  chcmicis  whose  environmental  fate  is  of  concern  to  the  U.S.  Air  Force  and  other 
Department  of  Defense  agencies.  The  Principal  Investigator  and  colleagues  have  conducted  a  prior, 
independent  study  that  has  shown  that,  despite  the  presence  of  PAH  metabolizing  microorganisms, 
PAfIs  persist  at  a  site  where  freshwater  sediments  are  fed  by  PAH-contaminated  groundwater. 
Hypotheses  to  be  tested  address  fundamental  mechanisms  for  the  persistence  of  environmental 
pollutants,  these  include:  (1)  the  rate  of  delivery  meets  or  exceeds  the  rate  of  biodegradation;  (2) 
the  PAHs  are  not  available  to  microbial  populations  due  to  rapid,  short  term  sorption  onto  the 
sediment  organic  matter,  or  due  to  long  term  (aging)  sorption  into  a  spatially  remote  compartment 
of  the  microporous  structure  of  sediment  organic  matter,  or  due  to  complexation  reactions  with 
dissolved  organic  carbon,  or  due  to  the  physical  arrangement  of  the  sedament  matrix  which 
prevents  contact  between  PAHs  and  microorganisms;  (3)  the  microorganisms  may  be 
physiologically  limited  by  the  presence  of  preferred  metabolic  substrates  or  toxic  or  inhibitory 
substances,  or  by  the  lack  of  proper  final  electron  acceptors,  electron  donors,  or  inorganic  or 
organic  nutrients;  and  (4)  PAHs  may  persist  simply  due  to  restricted  distribution  and  abundance  of 
biodegradation  genes  in  naturally  occurring  microbial  populations.  By  working  in  an  iterative 
manner  between  field  obser/ations  and  controlled  laboratory  determinations,  this  research  project 
will  systematically  test  the  above  hypotheses  and  thus  identify  constraints  on  microbiological 
processes  that  destroy  PAHs  (naphthalene  and  phenanthrene).  The  graduate  students  participating 
in  this  program  will  develop  skills  in  microbiology,  chemistry,  hydrology,  and  environmental 
engineering.  This  type  of  multidisciplinary  training  is  essential  for  addressing  pollution  problems 
confronting  the  Department  of  Defense. 


Progress  toward  the  training  goals  of  the  grant  has  been  made  as  follows: 


James  B.  Herrick,  a  fifth  year  Ph.D.  student  with  major  in  the  field  of  microbiology,  and 
minor  concentrations  in  genetics  and  biochemistry,  has  nearly  completed  his  Ph.D.  dissertation. 
Owing  to  the  travel  stipend  provided  by  the  AASERT  grant,  J.B.  Herrick  has  attended  the  national 
American  Society  for  Microbiology  meeting  in  Las  Vegas  Nevada  (May  1994)  w'here  he  presented 
his  research  to  his  peers.  The  Ph.D.  research  (ASM  abstract  entitled  “Genetic  and  Taxonomic 
Variation  ui  Naphthalene  Catabolic  Bacterial  Populations  Native  to  a  Coal  Tai'  Waste- Contaminated 
Site")  has  utilized  a  combination  of  field  and  laboratory  techniques  to  isolate  and  genetically 
characterize  naphthalene-degrading  bacteria  from  several  locations  within  our  coal-tar  contaminated 
smdy  area  near  Glen  Falls,  NY.  Among  the  exciting  aspects  of  J.B.  Herrick's  work  arc  (1)  DNA 
coding  for  naphthalene  metabolism  has  been  directly  extracted  from  sediments  from  the  field  study 
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site  (see  Herrick  et  al.,  1993  and  More  ct  ai.  1994;  attached)  and  (2)  genetic  exchange  among 
natural  populations  has  been  implicated  because  highly  conserved  nucleotide  sequences  of  and 
portions  of  the  gene  that  encodes  the  first  catabolic  enzyme  in  the  naphthalene  biodegradation 
pathway  have  been  found  to  be  distributed  among  a  broad  diversity  of  bacteria  at  our  field  study 
site. 


J.B.  Herrick’s  educational  and  career  goals  have  been  well  served  by  the  support  provided  by 
the  AASERT  program.  Currently  the  laboratory  research  portion  of  J.B.  Herrick’s  Ph.D. 
dissertation  is  nearly  complete.  Therefore  the  major  emphasis  is  on  writing.  He  will  depart  from 
Cornell  University  and  the  AASEPT  program  in  the  Fall  of  1994.  Several  post-doctoral  positions 
have  already  been  offered  to  Dr.  Herrick  -  among  them  are  posts  at  USEPA,  USGS,  General 
Electric,  and  Lx)S  Alamos  National  Laboratory.  Dr.  Herrick  was  also  found  to  he  the  top  candidate 
in  a  nation-wide  faculty  search  at  George  Mason  University  in  Virginia.  Disappointingly,  however, 
political  and  financial  instabilities  at  that  institution  forced  the  termination  of  the  position. 


Toxicology  major  at  Cornell.  Prior  to  entering  Cornell's  graduate  school  program,  Karen  had 
majored  in  Biochemistry  at  the  University  of  Wisconsin  (see  transcripts  attached).  Ms,  Stuart  had 
also  spent  one  year  in  Africa  as  a  Peace  Corps  volunteer,  and  1  year  as  a  laboratory  technician  in 


the  Ureat  Lakes  Toxicology  Research  i-aboraiory  at  the  oiaie  University  of  New  York  at  Buffalo. 
The  primary  eniphasis  in  the  early  curriculum  of  a  new  graduate  student  is  coursework.  As  is 
evident  from  K.G.  Stuart's  summary  of  courses  (attached)  her  academic  performance  has  been 
excellenL  In  addition  to  attending  classes  during  her  first  year  of  AASERT  support,  K.G.  Stuart 
has  worked  in  the  laboratory  setting  with  Drs.  Madsen,  Ghiorse  and  several  environmental 
toxicology  and  microbiology  graduate  students.  The  projects  K.G.  Stuart  has  participated  in  have 
exposed  her  to  DNA  hybridization,  analytical  chemistry  and  miaoscopic  techniques.  These  will 
assist  in  defining  the  approaches  and  ideas  that  will  evenmally  constimte  research  contributing 
toward  her  Ph.D.  degree.  It  is  premature  to  define  K.G.  Stuart's  Ph.D.  research  project  -  but  it 


certainly  will  combine  the  concepts  and  tools  of  environmental  toxicology,  molecular 
microbiology,  analytical  chemistry,  with  field  work  at  our  coal  tar-contaminated  study  site. 
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Summary 

During  the  first  year  of  the  AASERT  grant  entitled  "Research  Traimng  for  Understanding  the 
Fate  of  Environmental  Pollutants",  two  graduate  students,  J.B,  Herrick  and  K.G.  Stuart  have  been 
supported.  J.B.  Herrick,  very  near  to  the  end  of  his  graduate  studies,  with  already  two  published 
articles  to  his  name,  has  assimilated  a  unique  combination  of  disciplines  (microbiology,  molecular 
biology,  population  genetics,  field  work,  and  microbial  catabolism  of  environmental  pollutants). 
His  strong  performance  in  the  market  place  [top  candidate  in  a  nationally  conducted  faculty  search 
at  George  Mason  University,  (with  no  postdoctoral  training!)],  attests  primarily  to  Dr.  Herrick's 
own  abilities,  but  also  reflects  well  on  the  education  he  has  received  at  Cornell  University.  K.G, 
Stuart  has  the  same  promise  as  J.B.  Herrick,  however,  her  scientific  career  is  still  at  a  stage  of 
early  development. 


93rd  General  Meeting,  Las  Vegas,  Nevada 
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Genetic  and  Taxonomic  Variation  in  Naphthalene  Catabolic 
Bacterial  Populations  Native  to  a  Coal  Tar  Waste-Contaminated  Site.  J.B. 
HERRICK*.  D.E.  HINMAN,  K.G.  STUART.  E.L.  MADSEN.  AND  W.C.  GHIORSE. 
Section  of  Microbiology.  Coinell  University,  Ithaca,  NY  14853. 

We  are  investigating  the  processes  and  effects  of  adaptation  of  indigenous  bacterial 
populations  to  polycyclic  aromatic  hydrocarbon  contamination.  We  have  randomly 
sampled  and  isolated  naphthalene-mineralizing  bacteria  from  a  contaminated  seep 
sediment  which  actively  mineralizes  naphthalene  and  from  an  adjacent  soil  which 
expresses  naphthalene  mineralization  activity  only  after  a  significant  lag  period. 
Variation  in  naphthalene  catabolism  is  being  examined  on  three  levels:  the  taxon,  the 
gene,  and  the  nucleotide.  Isolates  from  the  soil  sample  were  closely  related  — 
primarily  members  of  the  genus  Burkholdaria  -  but  were  unrelated  to  those  from  the 
contaminated  seep.  The  presence  of  homologs  to  the  Pseudomonas  putida  G7 
n^hthalene  dioxygenase  gene  nahAc  and  the  regulatory  gene  nahR  was  assayed  by 
PCR.  Neither  nahAc  nor  nahR  was  detected  by  PCR  in  any  of  the  soil  isolates. 
However,  17  of  22  hybridized  at  low  stringency  to  a  nahAc  gene  probe,  indicating 
divergence  has  taken  place  from  an  ancestral  gene.  The  degree  of  divergence,  as  judged 
by  stringency  of  hybridization,  differed  markedly  among  Uic  1/  na/sAc-positive 
isolates.  Dioxygenase  activity  was  found  in  all  but  one  of  the  no/iAc-negaiive  strains, 
as  indicated  by  their  ability  to  convert  indole  to  indigo.  Isolates  from  the 
contaminated  sample  were  more  diverse,  including  members  of  tlie  y-  and  p- 
proteobacteria  as  well  as  a  group  of  gram-positives.  Again,  nahR  was  not  found  (by 
PCR)  in  any  of  the  isolates.  Eleven  of  twelve  gram-negative  strains  isolated  from  the 
contaminated  seep  were  found  to  possess  PCR-amplifiable  nahAc,  however,  it  was 
not  amplifiable  from  any  of  the  three  gram-positive  strains.  Restriction  maps  of  the 
nahAc  gens  from  six  of  the  most  taxcnomically  distant  contaminated-sample  isolates 
showed  no  variation  whatsoever  in  sequence,  though  the  restriction  maps  differed 
significantly  from  that  of  P.  putida  G7.  This  suggests  that  adaptation  to  coal-tar 
contamination  by  the  culturable  naphthalene-degraders  at  this  site  may  have  been 
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Polymerase  Chain  Reaction  Amplification  of  Naphthalene- 
Catabolic  and  16S  rRNA  Gene  Sequences  from 
Indigenous  Sediment  Bacteria 

JAMES  B.  HERRICK,*  EUGENE  L.  MADSEN,'  CARL  A.  BATT,'  and  WILLIAM  C.  GHIORSE'* 

Section  of  Microbiology'  and  Department  of  Food  Sciences  Cornell  Universirv, 
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We  report  the  amplification  of  bacterial  genes  from  uninoculated  surface  and  subsurface  sediments  by  the 
polymerase  chain  reaction  iPCR).  PCR  amplification  of  indigenous  bacterial  16S  ribosomal  DNA  genes  was 
unsuccessful  when  subsurface  sediment  containing  approximately  lO’  cells  g~‘  was  added  directly  to  a  PCR 
mixture.  However,  when  10  mg  of  sediment  was  inoculated  with  approximately  10’  cells  of  Pseudomonas  yutida 
G7,  theiMi/Ldc  naphthalene  dioxygenase  gene  characteristic  of  the  P.  putida  G7  NAH7  plasmid  was  detected  by 
PCR  amplification.  Southern  blotting  of  the  PCR  amplification  product  improved  sensitivity  to  10'  to  10'*  cells 
from  samples  inoculated  with  P.  putida  G7,  but  controls  with  no  sediment  added  showed  that  the  PCR  was 
partially  inhibited  by  the  sediments.  Lyozyme-sodium  dodecyl  sulfate-freeze-thaw  DNA  extraction  was 
combined  with  gel  electrophoretic  partial  purification  in  the  presence  of  polyvinylpyrrolidone  to  render  DNA 
from  indigenous  bacteria  in  surface  or  subsurface  sediment  samples  amplifiable  by  PCR  using  eubacterial  16S 
ribosomal  DNA  primers.  The  nahAc  gene  could  also  be  amplified  from  indigenous  bacteria  by  using 
RoAdc-specific  primers  when  PCR  conditions  were  modifiinl  by  increasing  Tag  and  primer  concentrations. 
Restriction  digests  of  the  nahAc  amplification  products  from  surface  and  subsurface  sediments  revealed 
polymorphism  relative  to  P.  putida  C,l.  The  procedures  for  DNA  extraction,  purification,  and  PCR 
amplification  described  here  demonstrate  that  the  PCR  is  a  potentially  useful  tool  in  studies  of  function,  and 
taxon-specific  DNA  from  'ndigenous  microbial  communities  in  sediment  and  groundwater  i  nvironments. 


Studies  of  the  genetic  composition  and  ecology  of  native 
bacterial  populations  traditionally  have  been  constrained  by 
their  dependence  on  culture-based  methods.  It  is  an  estab¬ 
lished  dictum  of  microbial  ecology  that  the  majority  of  the 
bacterial  species  in  nearly  all  microbial  communities  are 
unculturable  (3),  although  a  few  notable  exceptions  have 
been  reported  (7,  36).  Environmental  microbiologists  have 
therefore  begun  to  explore  the  use  of  molecular  methods  to 
circumvent  the  bias  of  culture-dependent  techniques.  The 
analysis  of  extracted  rRNA  or  ribosomal  DNA  (rDNA)  has 
proven  particularly  fruitful  for  identifying  bacteria  in  m.arine 
bacisriopIanKton  (11. 34).  terrestrial  hot  sptings  (37  4^,  a'ii 
and  endosymbiotic  associations  (1). 

In  addition  to  taxonomic  information,  analysis  of  ex¬ 
tracted  nucleic  acids  can  provide  information  about  genetic 
variation  in  microbial  populations  which  carry  out  environ¬ 
mentally  iinpiortant  functions.  For  example,  using  DNA 
probes  prepared  from  plasmid  PJ4,  which  codes  for  2,4- 
dichloi'ophenoxyacetic  acid  metabolism,  Holben  ei  al.  (15, 
16)  found  positive  hybridization  only  with  soil  DNA  ex¬ 
tracted  from  one  of  two  sites  containing  2,4-dichlorophe- 
noxyacetic  acid  mineralization  activity.  Also,  Barkay  et  al. 
(6)  demonstrated  that  four  distinct  probes  for  the  mer  operon 
hybridized  to  vaiying  degrees  with  DNA  extracted  from 
pond  and  river  water.  When  Barkay  et  al.  (5)  examined  DNA 
extracted  from  mercury  resistant  isol-.tes,  they  found  that  a 
mer  operon  DNA  probe  and  a  more  specific  merA  probe  did 
not  hybridize  with  the  DNA  under  high  stringency.  Yet  the 
DNA  of  all  of  the  isolates  hybridized  with  tnc  merA  probe  at 
lew  stringency,  indicating  divergence  of  related  sequences. 


*  Corresponding  author. 


Thus,  the  distribution  and  variation  in  genes  encoding  bio- 
degradative  and  other  microbial  processes  in  natural  envi¬ 
ronments  arc  poorly  understood. 

A  number  of  studies  have  shown  that  molecular  ap¬ 
proaches  such  as  nucleic  acid  hybridization  can  be  success¬ 
fully  applied  in  an  environmental  come.xt  (17,  31);  however, 
these  approaches  arc  subject  to  their  own  methodological 
limitations.  The  techniques  employed  in  many  of  these 
experiments  may  be  selective  or  lack  the  sensitivity  required 
to  detect  and  analyze  the  genes  of  interest.  Polymerase  chain 
reaction  (PCR)  ampiificaiion  of  cxiracicd  DNA  has  been 
suggested  as  one  method  for  overcoming  these  limitations  in 
soils  and  sediments  (32).  Enzyme-dependent  manipuiations 
of  nucleic  acids,  such  as  PCR,  arc  hampered  by  the  presence 
in  extracted  DNA  of  inhibitoty  natural  substances  which 
may  not  be  removed  by  standard  DNA  purification  tech¬ 
niques  (39,  41,  42).  Nonetheless,  PCR  has  been  employed  to 
detect  Escherichia  coli  (18,  41),  a  Frankia  sp.  (14),  and  a 
genetically  engineered  Pseudomonas  cepacia  (38)  intro¬ 
duced  into  soils  and  sediments.  Amplificat'on  of  DNA  se¬ 
quences  from  indigenous  bacterial  populations,  on  t.he  other 
hand,  has  proven  to  be  much  less  tractable.  Recently,  PCR 
amplification  of  electrophoreticaily  purified  16S  rDNA  se¬ 
quences  has  been  successful  for  indigenous  soil  bacteria 
(21);  however,  PCR  amplification  of  catabolic  genes  present 
in  native  populations  has  not,  to  our  knowledge,  been 
reported. 

The  objectives  of  this  study  were  (i)  to  develop  methods 
for  obtaining  PCR-amplifiable  DNA  from  indigenous  micro¬ 
bial  populations  in  surface  and  subsurface  sediments  and  (ii) 
to  apply  the  methodology  to  samples  from  a  naphthalene- 
contaminated  field  site  to  determine  whether  naphthalene 
degradation  gene  sequences  similar  to  those  encoded  on  the 
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I'/VBLE  1.  Ucscnpuon  oi  samples  used  in  this  siudy 


Sample 

Sjmplmu 

Date  culk’Cted 

Dcpih 

'•  ()rtt.Tnic 

N.iphihalcnc 

Minrralizaiion 

polential' 

designation 

(ticatiun 

uni 

niaticr' 

lUiVgl'' 

Naph¬ 

thalene 

/'  HyUroxy- 
I'cnzoaic 

Pristine 

Pristine  subsurtace,  vadose  zone 

April  19KM 

O.h 

D.hV 

(ID 

0 

52 

Source 

Containinaicd  subsurface  at  source 
ot  coal  tar.  saturated  zone 

June  1990 

ca.  4 

ND 

33. S 

4? 

70 

Upgi  adient 

Contaminated  subsurtace.  10  ni 
downgradient  trom  coal  tar 
source,  water  table  zone 

September  1989 

:.8 

0.93 

BD 

19- 

49'' 

Downgradient 

Contaminated  subsurface.  130  ni 
downgradient  trom  coal  tar 
source,  water  table  zone 

September  1989 

3.0 

'..04 

BD 

3ft" 

54" 

Seep 

Surface  sediment  in  seep  aiea  within 
contaminant  plume,  400  m  down- 
gradient  trom  coat  tar  source 

July  1991 

0.1 

:o.6 

7.0 

55 

.50 

“  The  percentage  oi  organic  matter  tor  the  seep  sample  was  determined  by  high  tcmperauirc  igniiiun  irt);  ihc  percentages  ol  organic  maiicr  lor  ihe  other  samples 
were  determined  by  the  loss-on-ignition  method  (24).  NO.  not  determined. 

^  The  naphthalene  concentration  was  determined  by  gas  chromatography  or  gas  enromatography-mass  spccuomcuy.  Source  and  serp  data  arc  Irom  rclcrcncc 
b,  and  all  other  data  are  irom  reicrence  24,  BO.  below  detection. 

‘  Cumulative  percentage  iruneraiized  at  20“C  in  inpiicate  samples  relative  to  poisoned  controls.  Source  and  seep  samples  were  incubated  tor  10  days;  all  other 
samples  were  incubated  tor  14  days.  The  standard  deviation  lor  each  value*  as  estimated  by  using  ami  20  determinations,  was  1‘>‘7  ot  the  mean. 

''  Data  Irom  rcierence  25. 


well-characterized  Pseudomonas  putida  NAH7  plasmid 
were  present  in  samples  known  to  mineralize  naphthalene. 

(Preliminary  results  were  reported  previously  1131.) 

MATERIALS  AND  METHODS 

Site  description,  sampling,  and  microbiological  charactcr- 
izatioa.  Subsurface  samples  were  obtained  from  a  coal  tar 
waste-contaminated  site  located  in  a  forested  sandy  alluvium 
area  in  the  northeastern  United  States.  This  site  has  been 
studied  intensively  (24-26),  and  buried  sediments  containing 
high  concentrations  of  coal  tar  have  recently  been  icmoved 
(10).  However,  downgradient  portions  of  the  site  remain 
contaminated  with  soluble  coal  tar  constituents.  Approxi¬ 
mately  400  m  from  the  buried  coal  tar,  contaminated  ground- 
water  seeps  from  the  side  ot  a  hiilslopc.  Table  1  provides  a 
description  of  the  samples  employed  in  this  study.  Seep 
sediment  samples  were  taken  with  a  flamed  trowel  Irom 
approximately  iO  cm  below  the  surface  of  the  litter  layer. 
Coring  and  aseptic  subcoring  methods  for  subsurface  sam¬ 
ples  upgradient  from  the  seep,  as  well  as  methods  for  plate 
counts  of  viable  bacteria  and  total  microscopic  acridine 
orange  direct  counts  of  bacteria,  have  been  described  (7,  25. 
26,  36).  Conversion  of  ^*C-labcled  organic  compounds  to 
'^COj  was  measured  by  standard  methods  (2,  23),  modified 
as  previously  described  (25  ,  26). 

Bacterial  strain.  P.  putida  G7  was  obtained  from  G.  S. 
Saylet  (Center  for  Environmental  Biotechnology,  University 
of  Tennessee.  Knoxville). 

Primer  and  probe  design,  in  P.  putida  G7  containing  the 
NAH7  plasmid,  the  nahAc  gene  encodes  the  large  subunit  of 
the  iron-sulfur  protein  componen:  oi  naphthalene  dioxygcn- 
ase,  the  initial  enzyme  in  the  naiihthalcne  catabolic  pathway 
(35,  48).  The  positions  of  the  30-mcr  oligonucleotide  PCR 
primers  (noted  below  as  nahAcl  and  nahAc3)  and  the 
internal  hybridization  probe  (noted  below  as  nahAc2)  were 
selected  on  the  basis  of  two  nahAc  sequences,  one  from  P. 
putida  G7  (35)  and  one  from  P.  putida  NCIB  9816  (19).  The 
coding  regions  of  these  two  DNA  sequences  were  found  to 
be  96%  identical  by  using  the  GCG  sequence  analysis  soft¬ 


ware  package  (9).  In  addition,  the  ammo  acid  and  DNA 
sequences  of  the  toluene  dioxygenase  of  P.  putida  FI  (50) 
were  compared  with  those  of  the  nahAc  gene.  Two  regions 
exhibiting  ammo  acid  conservation  between  the  homologous 
aromatic  dioxygcnascs  and  identical  nucleotide  sequences  for 
the  naphthalene  dioxygenases  wore  chosen  as  PCR  primer 
locations.  The  sequence  of  PCR  primer  nahAcl  is  5  -GTT 
TGCAGCTATCACGGCTCGGGCTTCGGC-S’.correspond- 
iiig  to  nucleotides  794  to  823  of  the  NCIB  9816  sequence  (19), 
and  the  sequence  of  PCR  primer  nafiAc3  is  5'-TTCGACAA 
TGGCGTAGGTCCAGACCTCGGT-3'.  corresponding  to  nu¬ 
cleotides  1495  to  1466.  The  sequence  of  the  internal  oligonu¬ 
cleotide  probe  n3hAc2  is  5'-GCTCGCOTGGAGAGCTTC 
CATGGCTTCaTC-3’,  corresponding  to  nucleotides  911  to 
940.  PCR  amplificaiion  (33)  with  primers  naliAcl  and  nahAc3 
results  in  a  7()l-bp  product  iniernal  to  the  naMc  gene  (the 
entire  nahAc  gene  is  1,349  bp  long). 

The  consirucuon  of  oiigomeis  for  arnplificatiOn  of  the  16S 
iRNA  gene  sequence  was  based  upon  regions  conserved 
among  all  known  eubacteria.  Sequences  were  as  described 
by  Wilson  ct  ai.  (46),  our  5’  p'-’mer.  designated  16SP-5, 
corresponded  lo  POrnod,  and  our  3’  primer,  16SP-3,  corre¬ 
sponded  to  PCS  of  Wilson  Cl  al.  (46).  In  addition,  sequences 
containing  rcsinction  sites  for  cloning  were  synthesized  as 
part  of  the  primers  but  were  not  used  in  this  study  (44).  The 
sequence  of  the  16SP-5  primer  was  5'-ccgaattcgtcgacaacAG 
AG  I  I  IGATCMTGG-3'  (linkers  containing  restriction  sites 
for  £coRl  and  Sail  arc  indicated  in  lowercase  letters;  M 
denotes  A  or  C).  The  sequence  of  16SP-3  was  5'-cccgggatc 
c aagcttT ACU P I'GTr ACG AC rT-3 '  (lowercase  letters  indi¬ 
cate  restriction  sue  linkers  for  //indlll,  BamHl,  and  Xmal). 
These  primers  permit  amplification  of  nearly  the  entire 
1.5-kb  16S  rDNA  sequence  (44). 

Direct  PCR  from  sediment.  P.  putida  G7  was  grown 
overnight  at  30”C  in  5%  PTYG  liquid  medium  (4),  centri¬ 
fuged,  and  resuspended  in  15  mM  sodium  phosphate  buffer 
(pH  7.0),  and  the  suspension  was  held  at  room  temperature 
for  2  h  to  denlete  nutrient  reserves.  The  cell  suspension  was 
then  centrifuged  again  and  resuspended  in  distilled  deionized 
water  (ddH.O).  The  suspension  was  diluted  as  necessary 
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with  ddH,0  bctorc  addition  to  scdiincnt.  Portions  1 10  mu)  ot 
nonstcrilc  vadose  itonc  sediment  tahen  Itom  the  pristine 
borehole  (Table  1)  were  inoculated  with  various  coneentra 
lions  ol  /’.  piitula  G7  in  2  ul  ot  ddHT).  Control  tubes 
contained  inoculated  cells  onlv  (no  sediincm;  positive  con 
trol),  sediment  only,  oi  I’CR  reagents  only  inegaiive  con¬ 
trols).  Itioculated  samples  were  incubated  at  room  tempera¬ 
ture  lor  .R)  min  A  ll)-|jil  portion  ot  detergent  lysis  solution 
(  Y  "i  Tween  .’.O,  5'  i  Triton  X-lOO,  10  niM  Tiis-HCl,  1  mM  Na- 
TDTA  IpH  8.0|)  was  added,  and  then  the  tubes  were  heated 
lor  10  mm  at  Then  b8  icl  ot  PCR  cocktail  and  3  drops 
of  light  mineral  oil  were  added  directly  to  the  sample  tubes. 
The  hnal  reaction  concentrations  were  1  pM  for  each  punier. 
,‘'0  pM  for  each  deoxynucleoside  triphosphate,  and  5  U  for 
Taq  polymerase  iPromega  Corp..  Madison.  Wis.l  in  a  bultcr 
containing  30  mM  KCl.  10  mM  Tris-HCI  (pH  S.O).  1..“'  mM 
MgCI,.  O.OIT  bovine  serum  aibumin.  and  0.05''(  Tween  20. 
The  PCR  was  then  carried  out  ttir  50  cycles  consi.sting  ol 
d4"C  (1  min).  55’C  (2  mini,  and  12''C  (.3  mini,  with  a  .5-min 
extension  at  72"C  in  the  last  cycle.  All  amplifications  were 
perlormcd  on  a  Hybaid  thermal  cycler  (Teddington.  Middle¬ 
sex.  United  Kingdom).  Ampiitication  products  were  electro- 
phorcsed  in  a  0.7T  agarose  gel  and  stained  with  ethidium 
bromide  by  standard  techniques  (.30). 

Extraction,  purification,  and  PCR  amplification  of  DNA. 
DNA  was  extracted  trom  surlacc  and  subsurface  samples  by 
a  modification  of  the  method  of  Tsai  and  Olson  (40).  Briclly, 

1  g  (wet  weight)  ot  each  sample  w;is  washed  two  or  three 
times  in  100  mM  sodium  phtisphatc  buffer  (pH  8.0)  and  theri 
incubated  m  lysozyme  solution  (150  mM  NaCI,  100  mNi  Na, 
EDTA  [pH  8.()|,  15  mg  ot  lysozyme  per  ml)  at  iTQ  for  2  h. 
A  sodium  dodccyl  sulfate  (SDS)  solution  (100  mM  NaCI.  500 
mM  Tris-HCI  [pH  8.0|,  lOT  SDS)  was  added,  and  the 
reaction  mixture  was  mixed  well  and  incubated  at  room 
tcmpciaturc  for  5  min  and  then  alternately  frozen  solid  in 
liquid  nitrogen  and  thawed  in  a  b5'"C  water  batn  three  times. 
An  ammonium  acetate  solution  (7.5  M)  was  added  to  achi'vc 
a  concentration  oi  2.5  M.  and  the  lysate  was  vigorously 
vortexed  and  then  centrifuged  at  b.OOt)  x  q  (or  10  mm.  The 
supernatant  was  transferred  to  a  new  luhc  and  precipitated 
wiih  ethanol  and  20  pg  ot  glycogen  (molecular  grade;  Boehr- 
mger  Mannheim,  Indianapolis.  Ind.)  per  ml.  Alter  drying, 
the  precipitate  was  resuspended  in  10  mM  Tris-HCl-l  mM 
EDTA  (pH  7,61. 

The  extracted  DNA  was  loaded  int )  a  Cr  low-melling- 
point  agarose  gel  (SeaPlaquc  UTG;  FMC,  Rockland.  Maine! 
for  purification.  The  gel  was  supplemented  with  ZT  polyvi¬ 
nylpyrrolidone  (Sigma)  to  aid  in  the  separation  ol  humic 
compounds  from  nucleic  acids  (-'f).  Electrophoresis  was 
carried  out  mix  Tris-aectatc-EDTA  (30)  at  a  constant 
voltage  of  5  V/cm  for  90  min  at  4'’C.  The  gel  was  stained  for 
30  min  mix  TAE  containing  0.5  pg  ot  ethidium  bromide  per 
ml.  The  resulting  DNA  band  was  located  under  UV  illumi¬ 
nation,  excised  from  ihc  gel.  and  melted  at  60°C  for  10  min. 
and  1  to  5  pi  was  added  directly  to  the  PCR  mixture  or.  m  the 
case  of  the  scep-cxtractcd  DNA-agarose.  diluted  (1:100)  in 
ddlljO  before  addition  to  the  PCR  mixture.  A  band-sized 
piece  of  the  gel  was  also  excised  from  an  empty  lane  at 
approximately  the  same  position  as  the  extracted  DNA  tor 
use  as  a  negative  control.  PCR  was  carried  out  as  described 
above,  but  with  primer  concentrations  ot  (1.5  pM,  for  30 
cycles  consisting  of  94'’C  (5  min),  42°C  (30  s),  and  ITC  (4 
mm),  with  a  5-min  denaturation  step  at  94‘’C  in  the  hist  cycle 
and  a  5-min  extension  at  72°C  in  the  last  cycle.  The  lower 
(42°C)  annealing  temperature  was  selected  to  allow  ampiiti- 


e.iiion  ol  mr/L'ff  genes  that  may  have  divergent  base  pair 
sequences. 

.Suuthcrn  hybridization.  Toi  Southern  blotting  with  'T’- 
l.ibclcd  probe,  DNA  was  iraiisleired  alter  agarose  gel  clec- 
iiophoiesis  to  a  iiykin  membrane  (Magna  Graph:  MSI. 
WostboiOLigh,  M.iss.l  and  hybridized  with  the  end-labeled 
n.iiiAcZ  iiligonueleotide  probe  by  standard  procedures  (30). 
H\bridi/.ation  and  washes  were  carried  out  under  high- 
siiingencv  conditions.  I'or  autoradiography,  the  blot:;  were 
expo.scd  to  X-ray  lilin  at  -70‘'C  lor  Id  h. 

Nonradioisotope  digoxigemn  labeling  w;is  also  used  for 
Southern  hybridization  with  the  naMc  probe.  putida  G7 
cells  w'crc  transferred  tiom  colonics  on  a  5''r  PTYG  agar 
plate  into  5  pi  of  ddll.O  and  microwaved  twice  tor  1  min  at 
lull  power  m  a  standard  700-W  microwave  oven  (RCA)  to 
Ivsc  the  cells.  Digoxigemn  labeling  was  carried  out  by  a 
modification  of  the  method  of  Lanzillo  (20).  A  2(1-pl  portion 
ol  PCR  cocktail  was  :iddcd  to  the  distilled  water  cell  lysate  to 
give  total  concentrations  ol  l).5  pM  for  nahAcl  and  nahAc3 
primers.  35  pM  for  digoxigenin-dUTP  (Boehringcr  Mann¬ 
heim).  (i5  pM  for  dTTP.  IDl'  pM  for  dATP.  dCTP.  anU 
dGTP.  and  0.5  U  for  Ttu/  polymerase  in  the  PCR  butter 
described  :ibovc.  .A  two-sicp  PCR  was  earned  out  lor  30 
cvclcs  coosisling  ol  94X'  (1  mini  and  d5°C  (2  mini,  with  a 
3-min  denaturation  step  at  94'('  for  the  initial  cycle  and  a 
5-min  extension  at  (i5^C  in  the  last  cycle.  A  lO-pl  poilion  ol 
the  rcactic'n  mixture  was  electrophorcsed  in  Kr  low-melting- 
point  agarose,  the  single  amplified  probe  band  was  excised, 
.ind  the  probe  yield  was  quantified  by  direct  detection 
according  to  site  manufacturerT.  instructions  (Boehringcr 
Mannheim  1.  The  agarose-probe  mixture  was  then  heated  at 
9.5°C  for  10  mm  lo  denature  the  piobc.  The  purified  digoxy- 
gcnin-labelcd  probe  was  used  in  the  standard  hybridization 
procedure  (30)  after  Southern  transfer  as  described  above. 
Labeled  probe  was  added  to  the  hybridization  so'ution  at  a 
concentration  of  10  mg  ol  probe  per  ml  of  hybridization  fluid. 
Hybridization  and  posthybridization  washes  were  carried 
out  under  high-siringcncy  conditions,  and  the  bound  probe 
was  delected  by  chemiluminescent  exposure  (Lumi-Phos; 
l.umigcn,  Inc.,  Detroit.  Mich.)  of  X-ray  film  for  1.5  min, 
.iccording  to  the  manufacturer's  (Boehringer  Mannheim) 
msiiuciions. 

Resirietioii  digestion  of  amplified  nahA.  ria/iA  sequences 
.implihed  Irom  extracted  DNA  were  electrophorcsed  in 
normal-nicliing-iemperaiurc  agarose  (high  strength  analyti¬ 
cal  grade;  Bio-Rad.  Richmond,  Calif.),  excised,  and  diluted 
1.10  (source  sample)  or  1:100  (seep)  in  ddH.O,  and  5  |il  was 
teamphiicd  bv  usmg  a  two-step  PCR  as  described  above. 
The  rcamplified  products  were  puiitied  in  a  Centricon-100 
micfoconccntrator  (Amicon,  Beverly,  Mass.)  by  following 
the  manufacturer’s  specifications,  digested  with  restriction 
endonuclease,  and  elcctrophuresed  in  an  8Cr  nondenaturing 
polyacrylamide  gel. 


RESLLTS  AND  DISCUSSION 

PCR  amplification  of  P.  putida  genes  from  inoculated  sedi¬ 
ment.  The  primary  objective  of  this  investigation  w.as  lo 
develop  a  rapid  and  reliable  method  for  PCR  amplification  ot 
bacterial  genes  native  to  our  study  site.  Therefore,  our  initial 
expcrimenis  tocused  on  amplification  by  PCR  of  16S  rDNA 
eubacicrial  sequences  m  the  pristine  sample  (Table  1).  At 
first,  sediment  was  added  directly  to  the  PCR  cocktail. 
Eubacicrial  primers  for  16S  rDNA  were  chosen  for  this 
experiment  because  these  sequences  should  be  abundant  in 
most  tubacterial  communities  (27).  However,  despite  the 
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I'lG.  1.  rCR  aiiiplilication  ol  troin  1(1  nit  m  pristine  sediment  mneul.iled  tvnh  doereiisme  titers  nt  [muiui  Ci7  and  added  dnectlv 

til  the  I’t'R  reaction  cocklad.  lAl  Lthidiuni  I'lonnuC-stained  aeaiose  tel  with  aniplilied  products  loaded  into  two  sets  ol  wells  in  tandem,  till 
Southern  hiot  ol  eel  shown  in  panel  .A  hybridized  wnh  '•I’  lahcled  mtevnal  punier  nah.'\c7,  o\ere\posed  to  increase  sensitivilv.  Lanes:  1.  4. 

1(1.  1.',  .ind  Ih.  no  sediment:  lanes  2,  3,  5.  n.  .S,  U,  U.  12.  11.  l.s.  and  17.  sediment  present:  taiies  1  tiuoueh  .1.  l.n  s  Id'  CI'l'.  lanes  4  throiteh 
I'.  l.()  X  111*  (TU:  lanes  7  throuuh  d,  l.ti  x  10'  CFII:  lanes  Id  ihrotmli  13.  l.n  s  iti  CM';  l.mes  1.1  ilitouelt  Ls.  l.n  s  in'  CMl:  lanes  In  .md 
17.  no  cells  (tteeattve  eontrolsl:  lattes  M.  hmibda  //mdlll  /.coKl  size  niarke- .  1  lie  lower  broad  b.iiid  in  some  lanes  is  the  so  called  primer  uiinei 
ar'ilact.  llie  latte  arrows  indicate  the  location  ol  the  tl.7-Kb  amphlication  product. 


nrrspni-t  ol  1.1  x  lO’  total  bacteria  per  i:  arj  2.0  x  10' 
culturablc  bacietia  pci  i;  (25)  and  sub.sianlial /t-liydroxybcn- 
zoate  mineralization  activity  in  tins  sediment  (indicating  the 
presence  ot  active  rpicrobiai  populations!  (Table  1).  several 
attempts  at  direct  i’CR  ampiiiication  of  indigenous  16S 
rDNA  genes  in  the  sediment  were  unsuccessful.  Parameters 
of  tl.c  PCK  protttcol,  such  as  thermal  cycling  times  and 
tcmper  tlures.  magnesium,  Tac/  polymerase,  and  primer  con¬ 
centrations,  lysis  method,  and  amount  of  sediment,  were 
moditied  without  succc.ss.  These  negative  results  were  not 
surprising  in  light  of  reports  by  other  workers  that  materials 
native  to  the  sediments,  such  as  humic  substances  and 
mineral  eonstituents,  could  be  inhibiloiv  to  bo'h  rcsiriciion 
liigcstion  (.'01  and  Ttu/  polymerase  amplification  (41)  ot 
c.xiracied  DNA. 

I’CR  amplification  was  attempted  alter  vanou.s  numbers  of 
washed  whole  /’.  pucida  G7  cells  'sere  mixed  into  tiie  pristine 
sample.  A  Hl-mc  subsamplc  ol  the  seeded  mixture  w.as 
added  dirce'ly  to  the  PCR  cocktail,  and  the  naphthalene 
dioxygenase  nufh-Xc  sequence  v/as  aniplilied  directly,  with¬ 
out  cell  or  DNA  removal  or  puntication  (Fig.  1).  riic  nu/iAc 
product  became  visible  when  l.ti  x  1(1'  CFU  was  n'oeuiated 
(Fig.  lA,  lanes  2  and  3).  Southern  analysis  ol  the  PCR 
products  with  the  nahAc2  internal  oligonucleotide  piobc 
increased  the  sensitivity  to  10'  to  UF  CFU  (Fig.  IB.  lanes  5. 
b,  and  8).  The  PCR  product  svas  not  ohserved  in  one 
replicate  containing  l.b  x  10'  CFU  (Fig.  113.  lane  9|, 
showing  that  variability  existed  in  the  samples  :it  this  level  of 
sensitivity.  On  a  pet -gram  basis,  this  degree  of  sensitivity  is 
comparable  to  gene  probing  of  inoculated,  e.xtracted.  and 
iinainplitied  total  soil  DNA  (32).  Our  PCR  sensitivity  did  not 
approach  the  1-ecll  ■  g"‘  limit  reported  by  Steffan  and  Atlas 
(38).  However,  these  authors  used  large  (uninoculated)  soil 
samples  and  laborious  DNA  extraction  and  gradient  centrif¬ 
ugation  techniques  prior  to  PCR  ampiiiication. 

\Vc  conclude  from  these  results  that  the  indigenous  cells 
were  in  a  different  physical,  chemical,  in  physiological  state 


than  cells  added  lo.  the  sediineni  in  oui  experiment.  Thus, 
the  extraction  t'l  DN.A  from  indigenous  cells  is  a  probable 
limiting  lactor  tor  the  PCR.  This  conclusion  can  be  drawn 
only  by  assuming  that  the  PCR  ampiiiication  characteristics 
of  the  IbS  primers  were  at  least  as  sensitive  as  those  ol  the 
/KifL-ic  primers.  This  is  [irobably  a  conservative  assumption 
because  ol  the  multiple  copy  number  ot  IbS  rRNA  genes  in 
bacteria  |27).  It  is  also  evident  in  Fig.  1  that  the  sediment 
iiself  was  inhibitory  to  the  PCR.  A  strong  hybridization 
signal  was  visible  tor  the  nu/a-lc  amplified  without  sediment 
Irom  l.b  X  1(1'  CFU  (Fig.  IB.  lane  13),  whereas  the 
scnsitivny  of  amplilieanon  wnh  sediment  was  2  to  .3  orders  t'l 
magnitude  less  il'ig.  IB,  lane  8).  The  inhibiuon  oi  the  PCR 
may  also  have  been  caused  by  adsorption  ol  released  DNA 
to  organic  matter  I'r  clay  in  tbe  scdimeiit.  I’resumablv.  a 
compound  wliicli  mimics  ihc  binding  properties  of  DNA  with 
sediment  could  be  added  ui  the  sediinctu  before  the  Ivsis 
step  to  ameliorate  this  problem.  The  addition  of  salmon 
sperm  DNA,  however,  did  not  increase  sensitivity  (^data  not 
shown]. 

Extiaction  and  puritication  of  DNA.  On  ilic  basis  of  the 
.ibovc  results,  n  was  apparent  that  DNA  in  the  native 
bacteria  was  rendered  less  available  foi  ampiiiication  than 
DNA  from  the  added  cells.  Thus,  methods  for  improving 
DNA  extraction  and  p'jrihcatiun  were  investigated.  Crude 
DNA  was  extracted  bv  a  moditication  of  the  lysozyme-SDS  - 
freeze-thaw  protocol  published  by  Tsai  and  Olson  (4(1)  (see 
Vlatcrials  and  Methods). 

■A  signiticain  problem  with  soil-  and  sediment-extracted 
DNA.  particularly  if  it  is  lo  be  subjected  to  enzymatic 
treatments  such  as  PCR  or  restriction  digestion,  has  been  its 
.issociaiion  wnh  inhibiting  imi'uritics,  such  as  humic  com¬ 
pounds  (39.  41).  Rcecnl  success  in  purifying  DNA  from 
/■Von/tio -inoculated  soil  by  agarose  gel  electrophoresis  (14) 
raised  the  possibility  that  gel  electrophoresis  could  render 
the  D.J.A  irom  indigenous  sediment  bacteria  suitable  foi 
PCR  ampiiiication.  F.lectrophoresis  presumably  strips  oil 
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1  IG  2.  Au.irosc  sol  elettrophoresis  oi  KiS  rDNA  .tmplilicniion 
products  iil'iaincd  trom  polycs’clic  aromatic  hydrocarbon-coiianii- 
natcd  surtace  and  suhsiirtacc  sediments.  l’('R  was  carried  out  on 
DNA  winch  had  been  extracted  irom  ascptically  collected  held 
samples  and  partially  pm  iiicd  by  cel  electrophoresis  as  described  in 
Materials  and  Methods.  Lanes  1.  P.  punda  CP  sells  inoculated  triini 
plate  (positive  controll;  lane  2.  I\  puiida  07  DN.A  extracted  and 
punhed  Iroiii  whole  cells  by  procedures  used  on  sediments  ipositive 
controll:  lane  2.  source  sample:  lane  4.  seep  sample:  lane  5. 
downcradient  sample:  lane  o.  upgradient  sample;  lane  7.  pnriiication 
ccl  only  I  negative  ci'ntroll.  See  Table  1  lor  charactcrisiics  ol 
samples. 


humic  compounds  which  may  be  bound  lightly  to  nucleic 
ai.'ids  and  not  easily  removed,  even  by  gradient  ccntriiuga- 
tion  and  column  purification  techniques.  Young  (4‘)t  has 
recently  shown  that  the  addition  o!  polyvinylpyrrolidone  to 
the  agaiose  gc).  which  is  thought  to  liiitd  liuuuc  compounds, 
aids  in  the  separation  of  DNA  from  humic  components 
during  electrophoresis. 

The  Hilgcr-Myrold  (14)  protocol  for  electrophoretic  sepa¬ 
ration  of  DNA  from  humic  contaminants  originally  called  for 
electroelution  of  DNA  from  the  gel  and  subsequent  phenol- 
chloroform  extraction  of  the  eluted  DNA.  However,  given 
the  fact  that  the  PCR  was  robust  enough  to  occur  even  in  the 
presence  of  unpuritied  sediment  iFig.  1),  it  seemed  likely 
that  separation  of  the  electrophoresed  DNA  from  moleeuLir 
grade  agarose  before  the  PCR  was  implemented  would  be 
unnecessary.  Therefore,  the  crude  DNA  lysate  was  elecfro- 
phoretically  puriticd  in  a  low-meliinc-poiiu  agarose  eel 
.tiiieiided  witl'i  polyvinylpyrioliuoiic.  During  electrophoresis 
OI  the  extracted,  unpuritied  DNA,  brownish  organic  coiuam- 
mants  visibly  separated  from  the  genomic  DNA  band  Idata 
not  showni.  This  bund  was  then  excised,  and  .1  Donion  of  the 
agarose-DNA  mixture  was  added  directly  to  the  PCR  tube 
without  turihcr  extraction  from  the  gel. 

PCR  of  indigenous  J6S  rDNA.  PCR  amplification  of  iinin- 
oculatcd  16S  rDNA  was  successful  when  the  DNA  was 
extracted  and  punfied  by  the  methods  described  above. 
Figure  2  shows  the  gel  electrophoresis  of  16S  rDNA  se¬ 
quences  amplified  from  source,  upgradient.  downgradicnt. 
and  seep  samples.  Tliesc  four  samples  all  contained  micro¬ 
bial  populations  capable  of  mineralizing  both/^-hydroxyben- 
zoate  ard  naphthalene  (Table  1).  These  .sample.s  were  di¬ 
verse  111  their  physical  characteristics:  two  were  sandy 
subsuifucc  sediments,  one  was  a  saturated  zone  sample 
heavily  contaminated  with  polycyclic  aromatic  hydrocar¬ 
bons,  and  one  contained  a  high  content  of  organic  matter  as 
well  as  polycyclic  aromatic  hydrocarbon  contaminants  iTa 
ble  1).  Significant  IbS  rDNA  amplification  was  obtained 
from  the  seep  sample  (lane  4),  the  source  sample  ilanc  3), 
and  the  downgradicnt  sample  (lane  5).  Only  verv  weak 
amplilication  was  obseivcd  from  the  upgradient  borehole 


'■ample  iFig.  2.  l.mc  01.  Wulunit  ON  A  separation  by  clcctto- 
phorcsis.  iH'  IbS  I  DNA  ampiiiicatioii  was  detected  (data  not 
sh-.iwni.  In  a  icccni  study  by  l.icsack  and  Stackcbr,uidi  i2l  i. 
ltd  clcctrofinoicsis  01  extracted  DNA  was  also  lound  to  be 
necessary  to  permit  aniplilicaiion  ol  1(>S  iDNA.  Further 
c.vpenmenls  in  our  labo.'aioiy  'bowed  thai  I’C'R  amplnica 
lion  ol  )6S  iDNA  was  .ilso  possible  alter  (lartial  puiihcjiion 
with  a  i’rcp-a-(icnc  DNA  (iiirilication  ku  iIJio  Rad).  How¬ 
ever.  the  dec'.rophoiciic  sep. nation  pioccdute  de.scnbed 
•ihovc  was  simpler  and  more  lejirooucibic  than  the  Prep-a- 
Gcne  procedure. 

PCR  of  extracted  nah.4c  UNA.  1  he  ahove  procedures  toi 
extracting,  partially  purifying,  and  amplifying  liiS  rUNA 
were  used  iii  initial  attempts  to  amphfv  the  nuliAc  sequence 
froni  DN.A  in  source,  upgradient.  downgradicnt.  and  seep 
samples,  all  of  which  c.xiiibited  naphthalene  mineralization 
.letivity  (Table  11.  When  the  thermal  cycle  program  dc- 
scriT-cd  above  tor  direct  sediment  amplification  iM  nn/t.  lc' 
Horn  inoculated  P.  putuUi  Q1  cells  was  used,  ainplihcaiion 
resulted  in  a  smear  of  nonspecilic  products  ir.  each  n'lncon 
iml  lane  of  an  cthidiuni  hroimde-siaincd  agarose  gel.  We. 
thcrcfotc.  employed  the  same  program  used  successtiillv 
with  the  ligS  rDNA  piimcrs.  With  this  nioditication.  reliable 
and  spcciiic  iiinpimcatioii  I't  m/.'L-ff  trom  the  source  and  seeji 
samples  was  achieved  iFig.  3a.  lanes  4  and  (1).  The  ideniiiv 
ot  these  >uth/U'  sequences  was  eonlirmed  by  Southern  hy¬ 
bridisation  under  high-stringcncy  conditions  ny  using  the 
labeled  rwMc  gene  from  J\  putuia  <'il  iFig.  5B,  lanes  4  and 
(>).  Faint  bands  of  amphlicd  DN.A  from  the  remaining  two 
subsurface  samples  running  at  approximately  the  same  mo¬ 
lecular  weight  as  riu/ilc  were  detectable  on  the  cthidiuni 
bromide-stained  gel  (Fig.  3A.  lanes  5  .md  7),  and  a  longer 
exposure  (3  versus  1.5  mini  ot  the  Southern  blot  shown  in 
Fig.  3B  revealed  weak  hybridization  ot  nn/i/lr  lo  these  bands 
(data  not  shown).  However,  additional  attempts  to  amplify 
the  nahAc  genes  in  these  samples  did  not  give  consistent 
results.  Despite  the  presence  of  naphthalene  mineralization 
•iciivity  in  these  samples,  it  is  possible  that  the  bacteria 
responsible  for  naphthalene  catabolism  have  dioxygenasc 
genes  which  arc  divcrgcm  fii)m  the  pituda  G7  gene 
sequence,  thus  preventing  amplification  wuh  the  PCR  prim¬ 
ers  used.  Aiiernativcly.  the  genes  responsible  for  naphiha- 
lenc  mineralization  in  these  bacteria  may  be  entirely  unre- 
JO  ’jt.'/Llr  bccci'jsc  ot  ii)  convtrsicnoc  of  iin  unrcl-ucd 
sequence  on  the  naphthalene  dioxygenase  lunetion  ot  (til  the 
employment  ol  an  alternative  pathway  lor  naphthalene  ca¬ 
tabolism.  In  order  to  address  some  of  these  questions,  we 
have  begun  to  isolate  naphthalene-mineralizing  bacteria 
from  this  site  and  to  screen  them  for  the  presence  ol 
amplifiablc  and  unamplifiable  nah  genes  and  aliernaic  path¬ 
ways  for  naphthalene  mineralizatic'n. 

Restriction  analysis  of  amplified  nahAc  sequences.  Restric¬ 
tion  and  sequence  analyses  of  individual  genes  can  be  usctul 
in  reconstructing  relationships  aniong  those  genes  and  the 
bacteria  possessing  them  (12.  2S,  47).  l-Iowcvcr.  sensitivity 
limitations  may  hamper  the  analysis  of  specific,  low-abun- 
dance  sequences  in  a  heterologous  mixture  of  extracted 
DNA.  PCR  can  assist  in  overcoming  such  diflicultics. 

In  an  initial  analysis  of  the  amplihcd  nahAc  genes,  the 
sequences  were  digested  with  restriction  endonucleases 
known  to  cut  P.  putida  G7  (NAH7)  nahAc.  To  increase  the 
yield  of  amplified  nahAc  tor  restriction  analysts,  the  PCR 
product  was  clcctrophoiescd  in  an  agarose  gel.  excised,  and 
directly  rcamplified  in  the  agarose.  Restriction  digestions  of 
the  rcamplified  nahAc  from  the  seep  and  source  samples, 
compared  with  the  rcstm  11  patterns  of  P.  panda  Ql.  arc 


FIG.  3.  .Vmplihcation  ot  the  nn>i1r  naphthalene  catabolic  gene  irom  native  community  bacterial  DNA  extracted  and  partially  purihed  by 
gel  electrophorcMS  Irom  polycyclic  aromatic  hydrocarbon-coniaminaled  suriacc  and  subsurtace  sediment.  lAi  Ethidium  bromioe-siaincd 
.igarosc  Bel.  iBl  Southern  blot  ot  gel  shown  in  panel  A  hybridized  to  diifoxigenin-laucicd  nahAc  probe  corresponding  to  tne  /01-bp  P.  puuda 
G'  nuh.-if  Pt'R  product.  Lanes  M.  lambda  /yoidlll  marker;  lanes  1.  putido  G7  cells  Irom  plate  iposiiive  coniroli;  lanes  Z.  reagent  only 
I  negative  control  i;  lanes  3,  punncation  gel  only  i  negative  control  i;  lanes  4.  source  sample;  lanes  5.  downeradicni  sample:  lanes  b.  seep  sample; 
l.ines  7.  upgradicnl  sample. 


shown  in  Fig.  4.  Haelll  and  Hint!  rcstnction  patterns  for  the 
source  naliAc  (Fig.  4,  lanes  3  and  .S)  show  the  same  size 
tragmenis  as  tor  P.  putida  G7.  with  additional  Iragments  nlsu 
visible.  The  presence  ol  such  tragrnents  was  presumably  due 
to  added  restriction  sites  i polymorphism!  in  one  or  more  ol 
the  sequences  amplified.  The  resiricnon  pattern  of  the  seep 
iiahAc  scqueiues  (lanes  3  and  61  was  even  more  divergent 
from  the  pattern  of  P.  putida  G"’  particularly  at  the  Hintt 
sites,  which  were  both  missing.  1  here  is  no  sequence  vari¬ 
ation  at  these  restriction  sites  in  the  two  nahAc  sequences 
used  to  design  the  primers. 

It  should  be  recognized  that  the  PCR  products  obtained  in 
this  study  probably  represent  a  mixture  of  nahAc  sequences 
amplified  irom  a  number  of  different  bacterial  strains.  PCR 
Itself  can  be  a  selective  process,  randomly  and  fx-ssibly 
prcicrcntially  amplifying  particular  sequences  or  sequence 
families  i2y).  Also.  Licsack  cl  al.  (22)  reported  the  assembly 
ol  a  spurious  hybrid  sequence  during  PCR  of  a  mixed  culture 
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FIG.  4.  Restiictior  endonuclease  analysis  of  amplified,  indige¬ 
nous  nahAc  sequences  compared  with  ihc  nahAc  sequence  from  (he 
NAH7  plasmid  of  P.  putida  C7.  Approximately  equal  amounts  ot 
DNA  were  loaded  into  all  wells.  Lane  M.  123-bp  size  marker:  lanes 
1  and  4.  P.  putida  G7  nahAc:  lanes  2  and  5.  source-derived  nahAc 
lanes  3  and  6.  seep  derived  nahAc:  lanes  I  through  3.  //aelll 
digested:  lanes  4  through  b.  //mil  digested. 


of  barophiiic  bacteria.  Thus,  one  must  he  cautious  m  draw¬ 
ing  conclusions  based  upon  analysis  ol  rnixed  DNA  se¬ 
quences  derived  from  PCR.  However,  the  variation  in  the 
rcstnction  patterns  ol  extracted,  amplified  nahAc  from  the 
source  and  seep  samples  (Fig.  4)  demonstrates  that  success¬ 
ful  ampiincaiicn  was  uui  simply  an  anifact  |fcr  example,  a 
carryover  of  P.  putida  G7  nahAc  PCR  product).  Also,  the 
restriction  digest  results  furthei  confirm  that  bacteria  with 
sequences  similar  to  the  NAH7  nuiiAc  sequence  are  present 
at  the  field  site. 

Despite  our  conclusions  about  DNA  sequences  shared  by 
P.  putida  G7  and  bacterial  community  DNA  at  this  study 
site,  there  is  evidently  a  good  deal  of  sequence  variation  in 
the  amplified  products.  Deviation  from  P.  putida  G7  in  the 
nahAc  restriction  paiiems  suggests  that,  although  there  is 
sullicic.it  sequence  similarity  wiihia  the  primer  regions  lor 
amplification  and  for  hybridization  with  an  nahAc  gene 
probe,  there  is  notable  sequence  polymorphism  within  the 
.ts.A'ic  genes  distributed  among  the  bacteria  at  the  field  site. 
This  is  particularly  true  lot  the  seep  sample.  It  is  also 
possible  that  there  is  sequence  divergence  in  naphthalene 
dioxygenase  genes  in  populations  at  this  field  site  which, 
because  of  the  stringency  of  the  PCR.  was  undetectable  by 
these  methods. 

Successful  PCR  amplification  of  DNA  from  native  micro¬ 
bial  populations  in  environmental  samples  requires  a  se¬ 
quence  of  events,  including  cell  lysis,  removal  of  the  DNA 
fiom  soil  or  sediment,  denaturation  of  double-stranded 
DNA.  annealing  of  single  strands  with  primers,  extension  of 
primed  DNA  fragments  with  DNA  polymerase,  and  many 
repeated  cycles  of  denaturation.  annealing,  and  extension. 
Clearly,  impairment  of  any  step  in  this  complex  chain  will 
diminish  yields.  Little  is  known  about  the  efficiency  or 
sensitivity  of  each  of  the  above  steps  as  they  apply  to  the 
methods  described  here.  Moreover,  no  conclusions  can  be 
drawn  about  the  abundance  of  amplifiable  na/i/4c-containing 
cells  or  strains  relative  to  those  naphthalene  degraders  not 
possessing  such  sequences.  However,  this  study  has  dem¬ 
onstrated  that  native  ).6S  rDNA  and  nahAc  sequences  can  be 
amplified  from  both  surface  and  subsurface  sediment  sam- 
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pics  and  that  ampiiliablc  bui  diverecnt  nuiiAc  liomoioes  arc 
lound  in  at  least  wo  reeions  of  the  rtcld  site.  The  subsequent 
analysis  ot  PCR-arnplitied  DN.A  from  uncultured  bacteria — 
whether  by  restriction  digestion.  DNA  scquencinii.  or  oth- 
ewise — will  provide  insights  into  the  s'udy  ol  bacterial 
populations  native  to  sediments  and  other  terrestrial  habi- 
lats. 
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This  riudy  reports  improvements  in  two  of  the  key  steps,  lysis  of  indigenous  ecils  and  DNA  puriticaiinn. 
required  for  achieving  a  rapid  non.selective  protocol  for  extracting  nucleic  acids  directly  from  sodium  dodecyl 
sulfate  (8DS)-treated  sediment  rich  in  organic  matter.  Incorporation  of  bead-mill  homogenization  into  the 
DN.A  extraction  procedure  doubled  the  densitometricallv  determined  DNA  yield  (Il.S  |ig  of  DNA  •  g  Idry 
weight)  of  sediment  '  ‘  1  relative  to  incorporation  of  three  cycles  of  freezing  and  thawing  i5.2  p.g  of  DNA  •  g  Idry 
weight)  of  sediment  "'i.  The  improved  DNA  e.xtraction  etticiency  was  attributed  to  increased  ceil  lysis, 
measured  by  viable  counts  of  sediment  microorganisms  which  showed  that  2  and  87<-.  respectively,  survived  the 
head-mill  homogenization  and  freeze-thaw  procedures.  Corresponding  measurements  of  suspensions  of  viable 
Hacillus  endospures  demonstrated  that  2  and  *)4%  of  the  initial  number  survived.  Coiiventional.  laser  scanning 
cpiHuorescence  phase-contrast,  and  dilfcrenttui  interference-contrast  microscopy  rcsealed  that  small  coccuid 
bacterial  ceils  (1.2  to  U.2  p.m  longi  were  left  intact  after  combined  .SDS  and  bead-mill  homogenization  of 
sediment  samples.  Estimates  of  the  residual  fraction  of  the  Huoresceiitly  stained  cell  numbers  indicated  that 
6%  (2.2  X  10“  cells  •  g  [dry  weight)  of  sediment  of  the  original  population  |3.8  X  ill'' cells -g  Idry  weight) 
Ilf  .sediment  '  '  I  remained  after  treatment  with  -SDS  and  bead-mill  homogenization.  Thus,  lysis  of  total  cells  was 
less  eibcient  than  that  of  cells  which  could  be  cultured.  The  extracted  DNA  was  used  to  successfully  aniplity 
iiahR,  the  regulatory  gene  for  naphthalene  eutubolisni  in  Pseudomonas  puiida  (27,  by  BCR.  By  scaling  down  the 
mass  of  sediment  extracted  to  0..s  g  and  hy  using  gel  puriftcation  and  SpinBind  DNA  puribcatiun  cartridges, 
the  time  required  to  extract  UNA  from  whole  sediment  samples  was  reduced  to  2  li. 


Microbial  ecologists,  systcmaticists.  and  population  geneti¬ 
cists  have  become  increasingly  interested  in  methods  for 
complete,  unbiased  isolation  of  DNA  (7,  9.  12.  16.  29.  30)  and 
RNA  ((i.  8,  11,  19.  34,  36)  from  soils  and  sediments  because 
such  procedures  promise  to  make  the  genomes  of  uncultured 
indigenous  microorganisms  available  lor  molecular  an;dysis. 
Hie  ideal  (2.  35.  36)  is  to  circumvent  the  biases  implicii  in 
culture-based  procedures  by  directly  accessing  the  genes  ol 
naturally  occurring  microbial  communities.  But  achieving  this 
idea!  requires  overcoming  a  s.iriety  ol  intcrtcrcnccs  that 
iliiiiii'iisli  tile  quuiuy.  Vicld.  and  dr.crsilv  ot  e.xtruetcd  nucleic 
acids.  1  liese  interferences  raise  questions  about  the  eompieic- 
iiess  of  nucleic  acid  extraction,  and  about  the  representative¬ 
ness  ot  results  based  on  the  procedures. 

The  p  puiar  direct  lysis  approach  to  DNA  extraction  and 
purilieation  (24)  may  be  dissected  into  the  tollowing  concep¬ 
tual  steps:  (i)  washing  the  material  to  remove  soluble  compo¬ 
nents  that  may  impair  inanipiilalion  of  subsequently  isolated 
DNA;  (li)  disruption  of  ecils  in  the  material  to  release  DNA  or 
RNA  from  the  cells;  (hi)  separation  of  the  DNA  or  RNA  from 
solids;  and  (iv)  isolation  and  purification  of  the  released  DNA 
or  RNA  so  that  it  can  be  used  in  various  inoleeuiar  procedures 
(i.e..  I’C.'R.  digestion  by  restriction  enzymes,  hybridization 
reactions,  or  sequencing).  A  variety  ot  methods  intcgr;;iing 
most  or  all  of  these  steps  have  been  published  (7.  12.  2U.  22.  28. 
29,  31),  yet,  no  study  has  demonstrated  that  the  DNA  or  RNA 
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was  extracted  from  soil  or  sediment  completely.  Nor  have 
criteria  for  complete  extraction  of  DNA  or  RNA  from  native 
soil  and  sediment  communities  been  esiablisheu. 

Procedures  for  lysis  of  microbial  cells  in  soils  and  sediments 
liavc  relied  on  one  or  more  of  the  tollowing  treatments: 
lysozyme,  heal,  proteinase  K.  sodium  dodecyl  sulfate  (SDS). 
.lehromopcpiidase.  hoi  phenol,  guanidine  thiocyanate,  pro- 
nase.  acetone.  Sarkosyl.  EDTA.  Ireeze-ihaw  eycle;c  Ireeze-hoil 
cycles,  sonieatioii.  bead-miil  homogenization,  microwave  hc.ii- 
ing.  and  moriar  mill  grinding.  Ogram  ci  al.  (20)  reported  that 
.1  eoinbinaiuni  oi  SDS  (iiiLUbatcu  at  7!)"C)  and  beaU  niill 
liomogenizaiion  acmeved  a  yil'y-  lysis  etiieieney  for  cells  native 
to  marine  and  freshwater  sediments,  as  determined  by  micro¬ 
scopic  counts.  Tsai  and  Olson  (31)  reported  that  an  EDTA- 
lysozymc  trcuimeni  followed  by  three  treeze-thaw  cycles  re¬ 
duced  microscopic  counts  ol  cells  added  to  sediment  and 
subsoil  samples  by  Similaily.  Picard  ct  al.  (22)  reported 
that  three  sonication  microwave-thermal  shock  cycles  achieved 
complete  lysis  ot  Sinpiomvces  spores.  More  recently.  Erb  and 
Wagncr-Dobicr  ( 7).  using  microscopic  counts  of  two  bacterial 
strains  added  to  sterile  sedimenis.  etmeluded  tliat  six  SDS. 
frceze-ihaw  treatments  led  to  990f.  lysis  etticiency.  While  all  ol 
these  reports  were  based  on  microscopic  observations,  descrip¬ 
tions  of  suiviving-ecll  size  distribution  and  morphology  have 
vet  to  be  presented.  I  urthcrmorc,  general  criteria  for  lysis 
etticiency  of  microi.)rganisms  native  to  sediments  have  yet  to  be 
ostabli,shed.  In  this  regard,  several  investigators  (7,  22. 31 )  have 
made  the  questionable  assumption  that  test  microorganisms 
added  to  sedimenis  were  valid  surrogates  for  native  cells. 

The  rationale  tor  the  use  of  a  lytic  procedure  is  clear: 
complete  di.sruption  of  cellular  structure  and  release  of  nucleic 
acids  is  the  objective.  A  goal  of  our  research  was  to  better 
understand  the  elieetiveness  ot  cell  lysis  procedures  by  dcier- 
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mining  their  crtects  on  the  diverse  assenibliige  ul  eells  in  native 
microhial  eomniiinitics.  in  this  investigation,  we  eompared  the 
ellccts  ot  two  ot  the  most  widclv  used  physieal  lysis  procedures, 
cycles  o!  ireezing  and  thawing  and  bead-mill  homogenization, 
on  DNA  yield  and  viable-ccll  plate  counts.  Total  counts  and 
microscopic  observations  ot  acridine  orange-stained  samples 
were  also  used  as  erueria  ior  lysis  cllectiveness.  I'inally.  we 
simplitied  the  protocol  ior  extraction  and  purification  ol  DNA 
from  the  sediment. 

MATERIALS  AND  METHODS 

Sediment  samples.  Sediment  samples  were  obtained  asepti- 
cally  from  a  coal  tar-contaniinated  site  near  South  Glens  Falls. 
New  York.  Sample  characteristics  and  other  details  of  the  site 
have  been  described  previously  (12.  17.  18).  Approximately  35 
years  ago.  coal  tar  was  buried  m  u  single  depositional  event, 
and  since  that  time,  groundwater  how  has  distributed  soluble 
coal  tar  constituents  in  a  narrow  contaminant  plume  through 
sandy  siihsuriace  sediments.  The  contaminated  water,  which 
contains  naphthalene  and  phcnanthrenc.  emerges  in  an  or¬ 
ganic  matter-rich  seep  area  at  the  foot  oi  a  hill  slope.  -KM)  m 
down-gradient  from  the  original  coal  tar  deposit.  The  methods 
described  here  primarily  utilized  the  seep  sediment,  in  which 
organic  mutter  content  was  approximately  20%  and  the  water 
content  was  approximately  50%  ( !  2).  Other  sandier  sediments 
(approximately  1%  organic  matter  and  20%  water)  were  also 
used  in  this  study:  these  subsurface  sediments,  designated 
"source. "  "upgradient,”  and  '‘downgradient."  were  obtained 
from  boreholes  at  the  held  site  along  a  midlinc  transect  of  the 
plume  of  groundwater  contaminants  (17,  18).  In  samples  irom 
source,  upgradient.  and  downgradient  locations,  the  concen¬ 
trations  of  polycyclic  aromatic  compounds,  especially  naphtha¬ 
lene  and  phenanthrene.  gradually  diminished.  Storage  of  seep 
and  subsurface  samples  (in  presterilized  scrcw-cap  glass  jars) 
was  at  4‘^C  for  periods  up  to  I  and  3  years,  respectively.  Any 
changes  in  microbial  populations  that  may  have  occurred 
during  storage  were  immaterial  for  the  purposes  of  this 
investigation. 

Cell  lysis.  The  following  general  lysis  protocol  was  used  in  all 
experiments.  Equal  weights  (cither  0.25  or  0.5  g)  of  wet 
sediment  and  phosphate  buffer  (100  mM,  pH  8  [23])  were 
added  sequentially  to  2-iti1  scrcw-cap  polypropylene  microcen- 
liifuge  tubes  (Laboratory  Products  Sales,  Inc.,  Rochester, 

N. Y.)  containing  2.5  g  of  0,1-mm-diameter  zirconia/silica 
beads  (BioSpcc  Products,  Bartlesville,  Okla.)  previously  ster¬ 
ilized  by  autoclaving  for  50  min  at  120'’C  and  15  Ib/in’,  Next, 

O. 25  mi  of  a  10%  SDS  solution  (SDS-Tris-NaCl;  100  mM 
NaCl-500  mM  Tris.  pH  8-10%  SDS)  was  added;  the  final 
concentration  of  SDS  was  approximately  49o.  Each  lube  was 
shaken  at  high  speed  for  5  or  10  min  in  a  bead-mill  homoge¬ 
nizing  unit  (BioSpec  Mini-Bead  Beater).  The  selection  of  bead 
size  and  the  proportion  of  beads  to  cell  suspension  were 
determined  by  following  guidelines  for  disrupting  bacterial 
cells  provided  by  the  manufacturer.  The  tubes  were  removed 
from  the  bead-mill  and  centrifuged  for  3  nun  at  12.000  x  f>. 

To  compare  the  lysis  efficiency  of  the  bead-mill  homogeni¬ 
zation  and  freeze-thaw  procedures,  the  sediment  was  mixed  by 
adding  3  g  of  sediment  to  3  ml  of  phosphate  buffer  in  a  15-ml 
plastic  centrifuge  tube  and  mbdng  for  2  min  on  a  vortex  mixer: 
0.5  ml  of  the  mixed  suspension  (equivalent  to  0.25  g  of 
sediment)  was  immediately  distributed  to  the  2-ml  microcen- 
trifugc  tubes  with  and  without  prior  addition  of  0.1 -min  beads 
as  described  above.  A  0.5-ml  suspension  ai.  Bacillus  endospores 
in  the  phosphate  buffer  was  also  added  to  microcentnfuge 
tubes  with  and  without  beads.  Endospores  were  harvested 


from  a  culture  of  Bunlliis  siihnlis  t'U  lIKiS  (Section  ot  Micro¬ 
biology.  Cornell  University)  by  culturing  the  bacterium  on  5C; 
PTYG  agar  medium  (4.  51  and  a'lowing  extensive  lapproxi- 
matcly  411  days)  desiccation  to  occur  at  22'’C.  The  spores  were 
harvested  by  tlooding  the  plate  wall  the  phosphate  buffer. 
Vlicroscopic  c.xamiriaiion  sliowed  that  lOO'T  ot  the  Baedhts 
cells  in  the  sa.ijiension  hud  sporulated.  Each  tube  received  0.25 
ml  ol  the  1()'7  SDS-3  ris-NaCl  solution.  The  SDS-containing 
suspensions  ol  the  spores  or  sediment  were  then  subjected  to 
two  diifercnt  iysis  procedures.  In  the  trecze-thaw  procedure, 
samples  were  rapidly  frozen  by  immersion  in  liquid  nitrogen  (2 
min)  and  then  thawed  in  a  65°C  water  bath  (5  min);  this 
frccze-ihaw  cycle  was  carried  out  three  times.  The  bead-mill 
homogenization  (irocedurc  was  carried  out  tor  5  min  as 
described  abo  'C,  with  or  without  beads  added.  In  this  case,  lysis 
efficiency  was  evaluated  by  triplicate  viable-cell  plate  counts  on 
5%  PTYG  agar  medium  and  microscopically  as  described 
below.  The  results  were  confirmed  in  three  separate  expen- 
menis.  though  data  from  only  one  are  reported  here. 

Microscopic  evaluation  ot  cell  lysis.  Intact  sediment  samples 
or  samples  treated  with  SDS  and  subjected  to  the  lysis  proce¬ 
dures  were  stained  with  0.01%  acridine  orange  and  examined 
with  either  a  Zeiss  Standard  18  microscope  under  phase- 
contrast  and  epitluoreseenee  viewing  or  a  Zeiss  laser  scanning 
microscope  (model  LSM-10)  equipped  for  lluorescence.  phase, 
and  differential  intcrterence  contrast  imaging  under  488-nm 
light  from  an  argon  laser.  The  LSM-10  is  configured  such  that 
a  single  field  of  view  can  be  examined  by  conventional  trans¬ 
mitted  and  epifiuorcsccncc  illumination  or  by  comparable 
laser-scanning  illumination.  Both  microscopes  arc  fitted  with 
X  iOO  oil  iinincisioo  objective  lenses  with  numerical  apertures 
o*  1.3  or  1.4.  An.  acridine  orange  direct  count  (AODC) 
agar-smear  procedure  (5.  10)  was  used  to  assess  the  extent  of 
lysis  of  the  endospores  and  enumerate  the  total  number  of  cells 
in  the  sediment.  The  computerized  imaging  and  analysis 
systems  of  the  LSM-IO  were  used  to  document  the  size 
distribution  of  microbial  cells  surviving  the  various  lytic  pro¬ 
cedures.  In  enumerating  cells  in  the  sediment  prior  to  imple¬ 
menting  lysis  procedures,  the  average  count  and  standard 
deviation  were  computed  from  duplicate  smears  prepared 
from  three  independent  subsampics  of  the  sediment  as  de¬ 
scribed  previously  (5).  In  lysis  experiments,  the  same  general 
procedure  was  followed,  except  that  only  one  smear  from  each 
sample  was  examined.  In  one  instance,  the  number  of  surviving 
culls  was  estimated  from  a  wet  mount  of  a  known  volume  ol 
sample  under  a  22-mm"  coverslip. 

DNA  puritiratiun.  The  supernatant  from  the  lysis  treatment 
(150  to  250  p,l)  was  mixed  5;2  with  a  volume  of  7.5  M 
ammonium  acetate,  and  a  precipitate  was  allowed  to  form  for 
5  min  at  4”^  Then,  the  tube  was  spun  for  3  min  at  12,000  x 
g  and  150  |.il  of  the  supernatant  was  concentrated  and  partially 
purified  with  a  SpinBind  DNA  extraction  cartridge  (FM(2 
BioProducts.  Rockland.  Maine).  In  a  SpinBind  cartridge,  the 
DNA  binds  to  a  microporous  silica  membrane  in  the  presence 
of  chaoiropic  salts;  after  washing,  the  DNA  can  be  eluted  with 
water.  The  units  were  used  according  to  the  manufacturer’s 
instructions,  except  that  an  EDTA-free  ethanol  wash  buffer 
was  employed  and  the  DNA  was  eluted  with  30  pi  of  warm 
((ifFC)  deionized  water.  The  eluted  DNA  was  loaded  onto  a 
1%  agarose  gel  containing  0.3  pg  I'-f  ethidium  bromide  •  ml ' ' 
and  subjected  to  electrophoresis  (4  V/cm)  for  20  min  in 
Tris-aceiatc-EDTA  (TAE)  buffer  according  to  a  standard 
protocol  (3).  The  resulting  DNA  bands  were  cut  out  of  the  gel 
and  purified  with  a  SpinBind  cartridge  according  to  the 
manufacturer's  instructions  for  extraction  from  an  agarose  gel. 

QuantiKcation  of  DNA.  The  concentration  of  DNA  after  the 
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Table  l.  Effect  ot  IVeeze-lhaw  treatment  and  hcatl-nnil  liumoeciiizaiiun  on  survival  ol  culluruble  sediment  nacicria  and  Bacillus  endospores 


Syniplc 

Trcaimcnr 

U  ( 

•  i  ‘nr  ml 

Sun.  jval 

Vi;ihlc/IOUl  coll 
rjitio  ( '  r  V 

Sediment 

None 

1  U(  iO.2)  ■  10' 

Kill 

0.3 

SDS  -t-  Iroeze-thaw 

T..S(Z:  1.5)-ll)' 

s 

ii.o: 

SDS  +-  5-min  be;id-mill' 

1-5  (  +0.2)  ■  1(1" 

0.(104 

EndosporcN 

None 

l.S(z:0.1)-  KT 

lull 

ND' 

SDS  +  tiecze-thaw 

1.7  (  +0..))  ■  111' 

W4 

ND 

SDS  -t-  s-min  beaU-niill 

.T5(:lll.5)  111" 

- 

ND 

"  ibee  Materials  and  Methods. 

'■  CPU  tor  sediment  computed  per  gram  drv  weight;  CPU  for  endospores  computed  per  milliliter. 

■  Also  see  Table  2;  AODC'  of  untreated  sample  =  .t-N  (  r:t).,t)  x  ur'  cells '(rilw  '. 

When  beads  were  omitted  from  the  homogenization  procedure,  the  postlysis  CPU  count  was  0.5  i  -  1.1)1  •  10"  (h5';c  sursivah. 
'  ND.  not  determined. 


final  purification  step  was  measured  by  densitometry  as  lol- 
low.s;  3.0  plI  ot  each  sample  and  4.  2.  1.  and  0.5  |jlI  of  Lambda 
DNA  standards  (Promega,  Madison.  Wis.i  cut  with  Windlll 
(New  England  Biolabs,  Beverly,  Mass.)  were  electrophoresed 
on  a  1%  agarose  gel  in  TAE  running  buffer  as  described  above. 
The  r;el  was  photographed  under  a  Spectroline  302-nm  UV 
transiliur.iinator  (model  TR-302)  as  previously  described  (37). 
A  negative  image  of  the  gel  was  produced  with  a  Polaroid  MP4 
Land  camera  using  Polaroid  type  35  film.  Bands  on  the 
negative  were  scanned  with  a  laser  densitometer  (Helena 
LuliOi atoi ir.s,  IJouStor,  Tr.x.),  and  the  DNA  was  quantified  by 
interpolation  from  a  calibration  curve  prepared  from  the 
densities  of  Lambda-Wmdlll-cut  DNA  standards. 

PCR  amplific&tion  of  extracted  DNA.  The  suitability  of  the 
isolated  DNA  to  undergo  enzymatic  amplification  reactions 
was  tested  by  a  nested  PCR  ptotocol  (15. 27),  using  primers  for 
nahR,  the  regulatory  gene  in  the  naphthalene  catabolisin  gene 
cluster  encoded  on  the  NAH7  plasmid  of  Pseudomonas  puiida 
G7  (39).  The  outer  primer  sequences  were  5’AACTGCGT 
GACCTGGATITAA3'  and  S'CGCCGCCGGCrCGGCTG 


GTGT3’.  corresponding  to  nucleotides  152  to  172  and  1244  to 
1224  (39)  of  the  nahR  gene.  The  inner  primer  sequences  were 
5 '  GCCGCGCATCTGGCCG AGCCCGTCACTTCGG3'  and 
5'CTGGAGGATGTGGCCAACC-GCGGCG.AAGTGC3'. 


corresponding  to  nucleotides  343  to  373  and  1200  to  1170  of 
the  gene.  The  final  product  was  828  bp  lone.  Reagents  and 
conditions  for  carrying  out  the  PCR  were  as  previously  de¬ 
scribed  (12).  except  that  the  inner  ano  outer  reactions  were 
prepared  under  “hot-start”  conditions,  with  the  dcoxynucleo- 
side  triphosphates  added  after  tlie  tubes  were  heated  to  SO^C. 
The  outer  reaction  mixture  included  2  ^.1  of  SpinBind-purified 
sample  and  was  cycled  1  time  at  95°C  for  5  min:  5  times  at  94'’C 
for  2  min,  65“C  for  1  min.  and  72°C  for  1  min;  25  limes  at  95°C 
for  30  s.  65°C  for  30  s.  and  72‘'C  for  30  s;  and  1  time  at  72'C  for 
5  min.  For  the  inner  amplification  which  followed.  5  (i.l  of 
solution  produced  from  the  outer  reaction  mixture  was  used  as 
template.  Tubes  were  cycled  .30  times  at  95°C  for  30  s  and  70”C 
for  1  min  anti  1  time  at  72°C  for  5  min.  The  PCR  products  were 
detected  by  agarose  gel  electrophoresis  in  1  %  agarose  gels  as 
described  above.  P.  putida  G7,  used  as  a  positive  control  in  the 
PCR  assay,  was  originally  obtained  from  G.  S.  Sayier  (Univer¬ 
sity  of  Tennessee)  and  was  grown  at  30°C  in  5%  PTYG  as 
previously  described  (12).  Negative  controls  in  the  PCR  assay 
were  done  with  reagent  only  (i.e.,  no  added  DNA)  and  a  blank 
derived  from  a  peripheral  piece  of  the  DNA  purification  gel 
tliat  was  taken  thiough  purification  and  amplification  piocc- 
dures. 


RESULTS 

One  indication  of  the  effectiveness  of  cell  lysis  procedures  is 
cell  viability.  Therefore,  we  measured  the  change  in  viable 
bacteria  (CPU)  before  and  after  bead-mill  homogenizanon 
and  frcezc-ihawing  as  an  indicator  of  the  extent  of  lysis.  Tbe 
data  in  Table  1  .show  that  the  beud-mill  homttgenization  |2G 
survival)  was  more  effective  than  irceze-thawir't  (8%  survival) 
in  reducing  CFU  of  SDS-ircated  sediment  baciert,'’.  ""he  CFU 
data  only  accounted  for  0.3  to  0.004%  of  the  total  microscopic 
counts  (Table  1);  therefore,  the  survival  of  bacteria  .  ftcr  the 
rwo  cel!  lysis  procedures  was  aiso  tested  with  endospotes  oi  8. 
subtilis.  Because  of  their  resistance  to  physical  disiupliuii, 
endospores  can  serve  as  a  model  for  other  resistant  microbial 
structures.  The  ineffectiveness  of  the  freeze-tiiaw  procedure  in 
reducing  the  viability  of  a  suspension  of  B.  subtilis  endospores 
was  striking  (94%  survival  (Table  1))  relative  to  the  bead-mill 
homogenization,  after  which  2%  of  endospores  remained 
viable.  Lack  of  viability  corresponded  to  the  physical  disrup¬ 
tion  of  cell  walls  after  bead-mill  homogenization  (Fig.  1). 
Phase-contrp.st  microscopy  showed  that  the  phase-dense,  re- 
fractile  spores  were  completely  ruptured  after  bead-mill  ho¬ 
mogenization  (Fig.  1).  The  usual  bright  green  fluorescence 
characteristic  of  DNA  stained  with  acridine  orange  was  miss¬ 
ing  in  the  ruptuied  spores  and.  therefore,  had  been  released 
into  the  solution. 

To  further  confirm  that  the  reduced  viability  (Table  1 )  and 
ruptured  cells  (Fig.  1)  were  indicative  of  an  extracellular 
release  of  DNA.  we  measured  the  yield  of  DNA  from  0.5  g  of 
sediment  extracted  and  purified  by  several  variations  of  the 
above  lysis  procedures:  U)-min  bead-mill  homogenization  as 
described  above:  three  freeze-thaw  cycler;  or  5  min  of  bead- 
mill  homogenization  followed  by  three  freeze-thaw  cycles  and 
then  another  5  min  of  bead-mill  homogenization.  Initial  qual¬ 
itative  examination  of  the  yields  from  these  three  lysis  methods 
was  accomplished  via  1%  agarose  gel  electrophoresis  (data  not 
shown).  On  the  basis  of  the  fluorescence  of  intercalated 
cthidium  bromide,  there  was  no  clear  visual  difference  between 
the  two  treatments  that  utilized  bead-mill  homogenization. 
This  suggested  that  bead-mill  homogenization,  alone,  was  as 
effective  as  a  combination  of  freeze-thaw  treatment  and  bead- 
mill  homogenization  in  releasing  DNA.  In  contrast,  the  inten¬ 
sity  of  the  DNA  band  resulting  from  the  freeze-thaw  treatment 
alone  was  dimmest,  thus  corroborating  the  lower  lysis  effi¬ 
ciency  of  this  treatment  relative  to  bead-mill  homogenization 
(Table  1).  Tlie  DNA  from  all  three  lysis  preparations  was  then 
concentrated  with  a  SpinBind  cartridge,  employed  in  this  study 
to  improve  DNA  recovery  over  ethanol  precipitaiion-DNA 
resuspension  procedures  used  earlier  (12).  A  portion  of  each 
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I  IG.  1.  Phase -contrast  microcraphs  of  B.  siihiitis  spores  before  (A)  ami  after  tB)  bead  mill  homogenization.  Dimensions  in  the  upper  nghthcand 
corner  of  each  micrograph  denote  the  distance  between  the  crosses  marking  the  ends  of  cells. 


concentrated  DNA  preparation  w;ts  next  clcctrophorctically 
purified  on  a  1%  agarose  gel.  Each  DNA  band  was  excised 
from  the  gel,  processed  a  second  time  with  the  SpinBind 
cartridge,  and  visualized  on  an  agarose  gel,  and  then  a  negative 
image  of  each  band  was  scanned  with  a  laser  densitometer  to 
quantity  the  DNA,  Yields  from  tnc  bead-mill  homogenization 
(alone),  freeze-thaw  treatment  (alone),  and  the  two  lysis 
treatments  combined  were  11.1),  5.2,  and  ll.O  mg  of  DNA-g 
(dry  weight)  of  sediment  icspectively.  Thus,  frcczc-thaw 
treatment,  alone,  released  onc-half  as  much  DNA  as  from  the 
two  bead-mill  homogenization  ticaimcms,  whose  DNA  yields 
were  virtually  indistinguishable. 

Microscopic  examination  of  the  sediment  provided  an  addi¬ 
tional  means  of  assessing  the  response  of  native  microorgan¬ 


isms  to  lytic  proi  cdurcs.  Because  the  data  in  Table  1  and  the 
above  DNA  yields  clearly  demonstrated  that  freeze-thawing 
was  a  less  eticctivc  cell  lysis  method  than  bead-mill  homoge¬ 
nization  procedures,  only  the  lalici  and  several  variations 
(aimed  at  discerning  the  role  of  SDS  in  ihe  procetiurc)  were 
investigated.  Table  2  reports  ihe  total  bacterial  numbers 
(AODC),  approximate  size  distribution,  and  mor;)ho'ogical 
diversity  of  microorganisms  in  sediments  before  and  e‘  er  SDS 
treatment,  bead-mill  homogenization,  or  both  tica'rnenis. 
Prior  to  lysis,  the  sediment  sample  contained  a  rich  and  varied 
collection  of  both  eukaryotic  and  prokaryotic  cells  winch 
spanned  a  wide  range  of  cell  sizes  (Table  2).  In  general,  the 
various  size  iractions  diminished  as  the  severity  of  lytic  proce¬ 
dures  increased.  The  key  observation  shown  in  Tabic  2  is  tfiat 
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TABLE  2.  E!loct  oi  bead-mill  homugcnizaiion  and  SDS  treatment  on  total  bacicnai  numbers,  bacuriai  size  distribution. 

and  morphological  diversity  m  sediment 


Tfcuimcn»'' 

AODC 

1  •.  SU)  ■  j!dw 

-AODC 

lemaining  (w ) 

.Approx  size 
range  ifjini) 

MiMphultlk’lCai 

divcrsiiy 

l.'iitroaied 

nr' 

11)0 

>  10-0..) 

1 

5*min  head-mill 

1.9  (±0.5)-  to" 

50 

2.0-0..1 

III 

ni-min  ticad-niill 

1.1)  (  lO- 

2(1 

2.(M)..') 

111 

SDS 

4  9  ( ±(1.4)  •  nr 

1.^ 

.s.O-O.) 

II 

bDS  +  Kl-imn  bead-mill 

2.2  (  ±  1.6)  •  ;o'' 

6 

l.2-o.,r 

III 

■'  bee  Materials  and  Methods;  noic  ihai  the  SDS  reagent  was  included  in  ihc  twad-mill  homogenization  prixcdure  reported  m  Tuhlc  I. 

‘‘edw.  grams  (dry  weight)  ot  sediment. 

■  Size  runce  and  morpholocicul  diversity  ot  rtuorcscent  cells  in  at  least  15  microscopic  liclds  obstfved  during  AODC'  counting  by  conventional  and  laser  scaiinini: 
cpiltuorcsccncc  phase-contrast  and  ditfcrenii^l  inicrtercnce-contrasi  microscopy.  I.  large  and  small  tilaments.  rods,  circci.  sarcina-likc  clusters  tn  microcolonics.  II. 
sarcina-like  cluslcni  and  smill  coccoid  cells  only.  III.  small  coccoid  cells  only. 

'  A  factor  ot  .'80  greater  than  the  untreated  sample  CPU  described  m  Table  I. 

■  Tlic  AODC  of  this  sample  was  estimated  bv  determining  ihe  number  ot  green  rtuorcsccnt  cells  per  x  l.OOO  rield  ot  it)  pi  ot  a  1:8  diluted  sample  containing  acridine 
i^range  spread  under  a  22-inm~  coverslip. 

'  A  tactor  ot  l.4<i7  greater  than  the  SDS-  and  bcad-miU-trcaied  CPU  dcsciibcd  in  Table  1. 


approximately  6%  [2.2  ( ±  1.0)  x  10”  cells  •  g  (dry  weight)  ot 
sediment  ']  of  the  b.tcteria.  mostly  small  coccoid  cells  in  the 
sediment,  were  unaffected  by  the  most  severe  treatment. 
beud-iTiill  homogenization  in  the  presence  of  SDS.  The  small 
cells  which  resisted  lysis  were  observed  by  laser  scanning 
epifiuorcsccnce  microscopy  (Fig.  2).  It  is  important  to  note 
that  the  cpifluorescencc  images  arc  produced  electronically  in 
black  and  white  by  using  a  green  analyzer  filter  and  photomul¬ 
tiplier  detector.  Therefore,  the  degree  ot  brightness  of  an 
object  in  these  images  was  directly  related  to  green  iiuores- 
cencc.  It  is  also  important  to  note  that  the  ratio  of  viable  to 
total  counts  (CFU/AODC)  of  the  original  sample  was  0.3% 
before  treatment  (Table  1).  After  treatment  with  SDS  and  10 
min  of  bead-mill  homogenization,  the  CFU/AODC  ratio  was 
0.07%  (inverse  of  factor  in  footnote /of  Table  2).  Tlius,  the  net 
effect  of  these  combined  treatments  was  to  lyse  tne  larger  cells 
that  were  more  likely  than  the  small  cells  to  grow  on  the  plate 
count  medium. 

PCR  amplification  of  sediment-derived  DNA.  In  addition  t  j 
examining  the  efficacy  of  cell  lysis  procedures,  this  study  also 
pursued  the  goal  of  achieving  a  rapid  overall  procedure  for 
extracting  and  purifying  DNA  from  sediment.  By  scaling  down 
the  total  amount  of  sediment  processed,  from  1  (12)  to  0.25  or 
0.5  g,  we  were  able  to  perform  all  of  the  above  procedures  in 
microccntrifuge  tubes.  This,  in  combinatiwn  with  utilization  of 
SpinBind  units,  shortened  the  total  processing  time,  from 
crude  sediment  to  purified  DNA.  to  approximately  2  h. 

Many  reports  have  shown  that  soil  and  sediments  contain 
humic  or  other  substances  that  may  remain  associated  with 
extracted  DNA,  thus  preventing  its  subsequent  analysis  (13, 29. 
33).  To  detennine  if  the  DNA  yielded  from  sediment  samples 
was  pure  enough  to  allow  subsequent  molecular  analysis,  wc 
performed  a  variety  of  tests.  The  first  was  designed  to  ascertain 
the  effectiveness  of  gel  electrophoresis  in  DNA  purification.  A 
1  -p,l  volume  containing  45  P.  putida  G7  cells  (determined  by 
plate  counts)  was  added  to  the  PCR  mixture  along  with  2  pi  of 
sediment-derived  DNA  that  had  twice  been  passed  through  the 
SpinBind  cartridges,  with  and  without  gel  electrophoretic 
purification  in  between  (the  particular  sediment  subsample 
used  here  lacked  amplifiabic  naliR).  After  completion  of  the 
nested  PCR  procedure  on  both  preparations.  nahR  was  ampli¬ 
fied  from  P.  putida  01  cells  only  with  the  electrophoretic 
purification  (data  not  shown).  Thus,  we  confirmed  our  previ¬ 
ous  results  (12)  indicating  ttiat  the  sediment  contained  PCR- 
inhibitory  substances  whose  removal  required  a  gcl-cleciro- 
phoretic  purification  step. 


Prior  work  has  shown  that  sediment  samples  from  a  variety 
of  locations  in  our  coal  tar-contaminated  field  site  contain 
genes  homologous  to  nuhA  (12)  and  nahR  (27).  Using  the 
DNA  isolation  and  purification  protocol  described  here,  wc 
repeatedly  examined  the  quality  of  ihc  DNA  so  obtained. 
Figure  3  shows  the  PCR  products  that  resulted  from  four 
different  sediment  samples  from  our  study  site.  Because  PCR 
is  sensitive  both  to  concentrations  of  inhibitory  substances  and 
to  the  concentration  of  target  DNA  sequences,  wc  amplified 
direeuy  aiici  ilie  final  elution  from  the  SpUiuiiid  urni  (1  i.e.  .2. 
lanes  1. 3.  5,  and  7)  and  after  a  10-fold  dilution  (Fig.  3,  lanes  2, 
4, 6,  and  8).  The  DNAs  extracted  from  seep  sediment  (used  to 
develop  the  protocols  described  in  this  study  [Fig.  3,  lanes  1 
and  2])  and  source  sediment  (Fig.  3,  lanes  7  and  8)  were 
susceptible  to  PCR  amplification  of  the  nohR  gene,  regardless 
of  dilution.  However.  DN.A  preparations  from  the  other 
sediment  samples  displayed  differing  responses  to  dilution. 
nahR  was  not  amplified  from  the  diluted  upgradient  sediment 
DNA  (Fig.  3,  lane  4) — possibly  indicating  a  low  titer  o',  target 
DNA.  In  contrast,  the  DNA  preparation  from  the  downgradi- 
ent  sediment  yielded  a  relatively  weak  amplification  band  in 
the  undiluted  sample  Fig.  3,  lane  '3)— possibly  indicating  that 
the  electrophoresis  and  SpinBind  purification  steps  failed  to 
completely  remove  substances  inhibitory  to  the  PCR.  As  an 
additional  negative  control  treatment  in  the  experiment  whose 
rc.sults  are  shown  in  Fig.  3,  a  piece  of  the  purification  gel  from 
outside  the  DNA  bands  was  carried  through  the  PCR  proce¬ 
dure  and  failed  to  yield  the  amplified  product  (data  not 
shown).  When  additional  subsamples  of  the  sediments  used 
(Fig.  3)  were  repeatedly  carried  through  the  DNA  extraction. 
purification,  and  PCR  procedures,  amplification  of  the  nahR 
genes  was  not  always  consistent.  This  inconsistency  was  noted 
previously  in  the  amplification  of  nahAc  from  the  upgradient 
and  downgradient  samples  (12).  The  reason  for  this  variability 
is  uncertain,  but  the  variation  may  have  been  caused  by 
heterogeneity  inherent  in  the  physical,  chemical,  and  microbi¬ 
ological  characteristics  of  field  site-derived  sediments. 

DISCUSSION 

This  report  has  articulated  the  role  of  cell  lysis  as  the  first  in 
a  series  of  procedures  requited  for  achieving  efficient,  nonse- 
Icctivc  access  to  the  genes  in  naturally  occurring  sediment 
microbial  communities.  But.  perhaps  more  imponantly,  wc 
have  presented  criteria  for  evaluating  the  effectiveness  of  the 
lysis  step.  These  criteria  were  1  jss  of  cell  viability,  total  DNA 
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yield,  and  micrriseninc  extiminainni  ot  sediiiienl-eieiive’d  cells  sediment  was  vetilied  b\  I’t  K  ain|ililication  nl  a  native  napli- 
Uir  tiital  direct  etutnts  anil  ininnlioliiineal  diseisiiv  chamies.  liv  thalene  eatahulic  eeiie. 

•ill  linir  etiiena,  liead-mill  luiinimeiiiz;itH>n  was  shown  to  he-  I’rceedent  lias  been  set  lor  tisiiie  the  behavior  ol  an  indieiitoi 
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I  I(j.  1.  .\mplitic.ituin  m  lUiliR  Iriim  luur  icdimeni  sniiiplcs  wiih 
nested  piimei  I’t'U  I'or  lanes  1.  5.  .ind  1.  a  2-|jlI  eoneemraied 

sample  was  used  ;is  a  te.Tipla'.e  Itir  i’CR  Jinpliliealiuii:  and  lof  lanes 
(1.  and  .S,  a  2-(il  Llll  dilution  ot  the  same  santple.s  was  used.  Lanes: 
and  2.  seep  sedtment:  3  and  4.  uperadient  sediment;  .s  and  i>. 
dowrieradient  sediment:  7  and  8.  souree  sediment;  positive  control 
ipart  ot  a  pwula  (j7  colony  added  to  the  FCR  mixturef.  Id,  PC'R 
neeative  control  (reagent  only). 


e.xtrapiilatirii:  lo  the  behavior  ol  indigenous  cells  (7.  ?.2.  oil. 
Similarly,  in  this  sttidv.  viable  eounis  ot  Haaihts  endospores 
•ind  native  sediment  bacteria  were  examined  as  a  means  tor 
icsting  cell  lysi;;  procedures.  A  consistent  proportion  ot  surviv- 
ma  cells  (2''r)  (Table  1)  shared  by  the  twti  very  different 
microbial  assemblages  (total  sed'ment  microorganisms  and 
Hudllus  endospores)  provided  initial  encouragement  that 
DNA  released  Irom  sediment  by  bead-mill  homogenteation 
would  be  completely  representative  ot'  the  sediment  microbial 
cciiiniiuuity.  i  iowever,  the  total  %  iable  counts  derived  Irom  the 
sediment  represented  only  0. 3^7  (prclysis)  (Table  l)and0.()7'T 
(posilysis)  (Tabic  2.  tootnotc  0  of  the  total  microscopic  count. 
This  total  microscopic  count  necessarily  included  unknown 
proportions  of  nonviablc  but  intact  Cells  tmd  both  cultured  and 
uncultured  viable  cells,  Thus,  an  astonishingly  large  compo¬ 
nent  of  the  sediment  microbittl  community  studied  here  was 
characterized  only  according  to  microscopically  discernible 
traits  such  as  cell  size  and  morphology  (Table  2).  The  SDS. 
bead-mill  homogenization  treatment  disrupted  indigenous 
cells  in  a  biased  manner  by  leaving  the  smallest  size  fraction 
I  !.2  to  0.3  urn  long)  (Table  2;  Fig.  2)  inttict.  Until  ihis  resistant 
portion  ot  the  sediment  microbial  community  can  be  lysed 
(perhajis  bv  using  smaller  beads  and  additional  chemical  lyiic 
agents),  the  ideal  of  accessing  all  of  the  indigenous  genes  will 
lie  thwarted.  Furthermore,  it  is  clearly  unwise  to  use  added 
indicator  microorganisms,  or  even  viable  indigenous  cells  as  a 
basis  for  drawing  inferences  about  the  susceptibility  of  the 
uncultured  microbial  community  to  cell  lysis  procedures. 

Despite  the  fact  that  SDS.  bead-mill  homogenization  failed 
to  disrupt  small  cells  native  to  the  sediment,  it  is  appropriate  to 
use  the  data  presented  hero  to  estimate  total  sediment  DNA 
and  the  overall  efficiency  of  the  extraction  procedure.  If  we 
presume  that  prokaryotes  were  ilic  predominant  reservoir  of 
sediment  DNA  and  that  each  ot  the  3.S-1()'’  prokaryotic 
cells  ■  g  (dry  weight)  of  .sediment  '  contained  a  single  station¬ 
ary-phase  genome  weighing  5-1(1''’  g  (based  on  data  for 
Escherichia  coli  [38]).  then  1  g  (dry  weight)  of  the  sediment 
contained  19  g-g  of  DNA.  This  value  agrees  reasonably  well 
with  the  total  sediment  DNA  estimated  hv  Ogram  ct  al.  (20) 
(27  Jig  •  g  dry  weight ' ')  and  with  the  ranges  of  total  soil  DNA 
(20  lo  50  (jtg  •  g  dry  weight  ’  ')  reported  by  Picard  ei  al.  (22). 
Sclenska  and  Klinginullcr  (26).  and  Steffan  et  al.  (28).  Factors 
contributing  to  variability  in  total  DNA  estimates  include  those 
imposed  hy  differcni  extraction  methodologies,  as  well  as 
microbiological  idiosyncrasies  ot  particular  samples  stemming 


Irom  phvsioloeicai  mlkienccs  such  :is  soil  or  scdimeni  i\pc. 
climaie.  aiui  the  content  ot  water,  oxygen,  .ind  organic  mailer, 
cic.  The  DN.A  yielded  w  hen  5DS,  bead-mill  homogenization 
was  eonibined  wnb  the  exiraciion  proiocol  described  here 
1 1  l.S  |jiu,  ■  g  [dry  weigln|  ol  sediinem  '  1  lepresems  (i2'  ;  ot  ihe 
l'>  (ig  ol  tola!  ihcorelieal  DNA.  M.iny  ol  ihe  assumptions 
eontfibiitme  lo  this  eiiieiencv  ligiire  are  imceiiani;  nonetheless, 
tins  csiimaied  yield  n  reasonably  high,  it  ispci  iiaiis  remarkabiv 
high  in  lieiil  ol  the  tact  that  miien  ol  the  DN  A  liom  ceils  1,2  lo 
'1-3  |jim  in  iciiglh  wns  lun  released  i  F.iblc  2)  .nid  ilnil  the  steps 
siibsequein  to  cel!  lysis  lespeciallv  separation  ot  ilic  DNA  Irom 
sedimeni  particles)  were  not  earelully  seniimized.  Duly  afier 
each  Slop  has  heen  thoroughly  examined  and  optimized  can 
DNA  extraction  biases  he  reduced  and  efficiency  ho  increased. 
Ii  should  be  noicd  ihai  even  il  an  extraction  cihciency  of 'W.9'  i 
were  achieved,  wilh  10''  ceils  per  g  liiis  would  still  leave  HI" 
organisms  per  g  unsampled.  Thus,  even  when  die  lysis  effi¬ 
ciency  IS  relatively  high,  minor  memhei',  ol  the  eommuniiy  may 
remain  intact  and.  consequently,  their  DNA  may  escape 
detection.  Although  there  is  no  clear  sokiiion  to  this  dilemma, 
we  feel  that  continued  sinving  towards  the  combination  oi 
unbiased  genome  sampling  and  enhanced  sensitivity  afforded 
hv  PCR  may  partialK  mitigate  such  detection  limit  problems. 

PCR  detection  ol  genes  native  to  sediment  requires  that  the 
ratio  of  target  sequence  be  high  relative  lo  aceompanyme 
sedimcni-derived  m.uenals  that  may  inhihit  the  denaturation. 
annealing,  and  DNA  synthesis  stages  ol  PCR  (29.  32.  33).  In 
this  regard,  optimal  sensitivity  tor  amplifying  native  genes  can 
only  he  achieved  hy  separating  the  DNA  Irom  inhibitor.- 
substances.  Recently.  Abbaszadegan  ei  al,  ( 1)  have  shown  that 
Sephadex  G-!(!0  and  Cb.clex  l(ld  ri’sins  sueeivssfully  removed 
PCR-inhibiiory  substances  from  groundwater  coneeniraies. 
Perhaps  ironically,  nc.ntprgei  DNA  itself  has  also  recently  been 
shown  to  mask  the  PCR  amplification  of  t.argei  scquence,s  in 
low  abundance  (29).  This  study  has  confirmed  that  purification 
of  DNA  extracts  is  required  for  successful  PCR  amplification 
t'f  indigenous  genes  {naliK).  But  c'\  cn  in  such  purportedly  pure 
DNA  preparations,  lack  of  amplilicaiion  in  undiluted  DNA 
exir.ict  (Fig.  3)  suggested  that  inhibitory  substances  still  re¬ 
mained  m  the  mixture.  The  need  to  dilute  DNA  extracts  prior 
to  PCR  ampliheaiion  has  been  reported  earlier  for  electro¬ 
phoretic  puiiticaiion  ol  DNA  extracted  Irom  environmental 
samples  (7.  22.  33).  and  it  is  the  smiuhaneous  dilution  of  the 
target  sequence  that  may  ultimately  limit  ihe  sensitivity  ot  the 
method. 

Seale  and  us  equivalent,  sample  size,  are  other  is.siies  to  he 
considered  in  performing  and  interpreting  experiments  exam- 
iiimg  molecular  characteristics  of  naturally  occurring  microbial 
communities.  Tlie  small-scale  (0.5  g)  processing  of  sediment 
reported  here  substantially  diminisheu  the  logistical  and  time 
constraints  on  DNA  extraction.  But  facile  processing  of  small 
samples  raises  questions  about  how  accurately  such  small 
samples  represent  microbial  communities  as  they  occur  in  the 
landscape.  Not  enough  is  known  about  the  chemical,  physical, 
and  microbiological  spatial  heterogeneity  ot  soils  (21)  and 
sediments  to  allow  data  from  l)..5-g  samples  to  be  the  basis  for 
extrapolation  to  larger  (i.e..  kilogram)  or  very  large  (i.e.. 
landscape)  scales.  Moreover,  the  ampliliability  of  genes 
present  in  ().5-g  samples  undoubtedly  rctlects  the  variable 
spatial  distribution  of  both  the  target  DNA  sequence  and 
sediment-derived  substances  that  inhibit  PCR  (sec  the  discus¬ 
sion  above).  Because  these  determinants  for  successful  gene 
ampliFication  may  vary  independently,  interpreting  the  results 
of  such  assays  may  prove  challenging. 

Recenilv.  Frb  and  Waencr  (7)  used  DNA  extraction  and 
PCR  amplilicaiion  techniques  to  obtain  a  polychlorinatei.i 
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'.■'iphcnvl  ouiiholic  tunc  iliiuuilv  limn  a  Gcinian  ircshwaici 
'udiniuin.  A  uoniparisoii  iii  rcMriuiion  Umcsis  imlcd  lo  iiuiuci 
anv  divcniuiKu  hcuvccn  a  scainium-ulcnvuil  l>;>iiAllC  ucnc 
lanniunt  and  Uiai  ol  the  type  strain,  /‘mih/ij/ikiiiih  sp.  Mrain 
I.I54P()  (7),  In  conirasi.  by  hybndizinu  DN.\  cxuauicd  Mom 
'Oils  uiih  a  \anciv  ol  tune  prolK's  Holbun  ci  al.  (141  base 
iccumlv  licinonstraicd  iliat  ilic  ncnciic  basis  in  soil  microbial 
. I'lnnniniiics  lor  2.4-iliuhloropiiunoxyacctic  acid  catabolism 
\,is  broader  th.m  lltal  ol  iilasmiu  nJl’4.  Similarly,  \\u  reported 
Mtiiiiicam  restriction  tiattncnt  lenntli  polymorpliism  relative 
to  P.  puiuhi  G7  in  the  niih/lc  uenes  in  DN  A  extracted  trom  the 
-.ame  coal  tar-contaminated  held  site  examined  here  tl2V  In 
order  to  learn  more  anoui  the  distribution  ol  related  naphtha¬ 
lene  eataholie  gene  soquenees.  procedures  tn  ibis  study  utilized 
a  different,  nested  set  ot  oiigonuelootide  primers,  specitically 
designed  to  amplify  an  <S28-hp  iragment  of  the  naiili  gene  t27. 
.'‘M.  luiliR  is  a  member  of  the  RsR  family  of  regulatory  genes 
that  are  widely  distributed  amone  gram-necativc  bacteria  |25). 
Detection  of  naliR  in  the  DNA  extracted  from  the  sediment 
provtdes  two  tvpes  ot  informatton.  First,  amplitieation  of  thts 
gene  allowed  the  quality  ol  sediment-derived  DNA  to  he 
evakiaied.  Because  PCR  amplibeation  was  possible,  we  eon- 
eluded  that  the  rapid  e.xtraction  ai'd  piirilication  putcedurcs 
developed  in  tins  investigation  were  suceesstul.  But.  perhaps 
more  mterestinely.  detecting  nahR  in  DNA  extracted  from  this 
lield  study  site  lends  additional  tmunentum  to  ecological 
inquiries  which  utilize  DNA  sequence  information  from  pure 
culture  derived  Umctional  genes  to  e.xplore  gene  distribution 
and  vtiriaiion  in  nature. 
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